
I 
1 
I 

----- -- ---________ 

i HUGHES i Final ReportlSSD 701 72Rl JPL Contract No. 951 7201 April 1967 
Propulsion and Power Systems Laboratory 

I 
L _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _  J 
H U G H E S  A I R C R A F T  C O M P A N Y  
S P A C E  S Y S T E M S  D I V I S I O N  

i 



SPACECRAFT 
ATTITUDE CONTROL 

GAS SYSTEMS 
AN ALY S I S 
FINAL REPORT 

SSD 70172R/JPL Contract No. 951720/April 1967 

Prepared For 

National Aeronautics and Space Administrat ion 
Je t  Propulsion Laboratory 

California Inst i tute of  Technology 
Pasadena, California 

Prepared By 

Propulsion and Power Systems Laboratory 
Space Systems Division 

Hughes Ai rcraf t  Company 
El  Segundo, California 

This work was performed for the 
Jet Propulsion Laboratory, California Institute 

of Technology, sponsored by the 
National Aeronautics and Space Administration 

under contract NAS 7-1 00. 

I 

HUGHES j 
L _______-___-__--__ J 
H U G H E S  A I R C R A F T  C O M P A N Y  
S P A C E  E Y S T E M 8  D I V I 8 I O N  

W. W. Butcher 
Program Manager 

Propulsion and Power Systems 
Laboratory 



AUTHORS 

The  following personnel  participated in  the execution of the contract  
and the prepara t ion  of this  repor t :  

I W. W.  Butcher  P r o g r a m  Manager  

H. Gi rouard  Real  Gas Nozzle Pe r fo rmance  P r o g r a m  

W.  H. Jones  Genera l  Program Direction; 
Propel lant  P e  rfo rmanc  e 

R. M. Lodwig Elec t ro lys i s ;  Z e r o  g Effects 

C. R. Meeks Cold Gas  Systems Analyses;  
Valve Requirements  

G. F. P a s l e y  System Analysis,  Hydrazine Catalytic Plenum 

V .  C. Peckham Systems Analysis,  Vaporizing Liquid 

R. J. Schulhof Reliability 

S. C. Soloski  

L. M. Wolf 

Propel lant  Per formance;  Sys tem s Analysis , 
Vaporizing Liquid 

Sys tems Analyses,  E lec t ro lys i s  and Dual 
Mode Hydrazine 

iii 



CONTENTS 

P a g e  

1. SUMMARY AND CONCLUSIONS 

2. INTRODUCTION 
The Mission 
Sys tem Configurations 
P l a n  of the Repor t  

3. GENERAL SYSTEM DESCRIPTIONS 
Cold Gas  
Vaporizing Liquid Sys tems 
E lec t ro lys i s  Sys tem 
Dual Mode Hydrazine 

4. ANALYTICAL RESULTS 
Reliabil i ty 
Sys t em Weight 
Configuration Select  ion 
Selection of T h r u s t  Level 
Propel lan t  P e r f o r m a n c e  
Interface Considerat ions 
Development Status of Elec t ro lys i s  Cel ls  for  Zero-g 

P o w e r  Requi rements  
Handling P r o b l e m s  and Hazards  

Ap pl i c at i on 

5. RECOMMENDATIONS 

APPENDICES 
A. R E  LIAB ILIT Y 
B. COLD GAS SYSTEMS 
C. SUPPORTING ANALYSIS - HYDRAZINE CATALYTIC 

SUPPORTING ANALYSIS - VAPORIZING LIQUID SYSTEMS 
SUPPORTING ANALYSIS - ELECTROLYSIS PLENUM 

PLENUM SYSTEM 
D. 
E. 

SYSTEMS 

SYSTEMS 
F. SUPPORTING ANALYSIS - DUAL-MODE HYDRAZINE 

1 

11 
11 
11 
1 7  
19 

21 
21 
25 
28 
29 
30 
31. 

31 
32 
3 3  

37 

A- 1 
B-1 

c-1 
D- 1 

E-  1 

F-1 

V 



G. FILTERS, VALVE LEAKAGE, AND MATERIALS 
H. THERMAL CONTROL 
I. PROPELLANT PERFORMANCE 
J .  ELECTROLYSIS CELLS 

vi 

c; - 1 
I-I- 1 
1.- 1 
J - 1  

I 



1. SUMMARY AND CONCLUSIONS 

This r e p o r t  concerns comparat ive analyses  of six candidate sys  t e m s  
I 
~ fu ture  unmanned planetary probe / lander  vehicle. The sys t ems  compared  

f o r  execution of the attitude control and maneuvering requirements  of a 

Stored cold gas  (nitrogen and o the r s )  

Vaporizing liquid plenum (ammonia and o the r s )  

Hydrazine catalytic plenum (warm o r  ambient  gas )  

Water  e lec t ro lys i s  plenum 

Hydrazine electrolysis  plenum 

Dual mode hydrazine (hydrazine e lec t ro lys i s  plenum/hydrazine 
monopropel lant  t h rus t e r )  

I Because  of the overr iding significance of reliabil i ty in this miss ion ,  
the propulsion s y s t e m s  w e r e  examined in ten different configurations 
specif ied by JPL and in four  additional configurations, decided upon in the 

of redundancy in propellant,  tankage, and valving. 
I cour se  of the study. The different  configurations r ep resen t  varying degrees  

T h r e e  bas ic  kinds of configurations w e r e  compared.  The important  
f ea tu re s  of the f i r s t  (Ser ies  1) a r e  a single plenum containing the requis i te  
amount  of propel lant  to accompl ish  the miss ion  and redundant s e t s  of e i ther  
quad o r  dual valves  fo r  control of propellant flow to the th rus t e r s .  
second (Series 2)  is a para l le l  tank configuration in which duplicate plenums 
are employed,  each with the amount of propellant n e c e s s a r y  to complete the 
m i s s i o n  and e a c h  with e i ther  dual o r  quad valving. 
a r e  no rma l ly  operated simultaneously,  but m a y  function singly upon command 
o r  in c a s e  of a m a j o r  fa i lure .  
existing R a n g e r  and Mar ine r  sys t ems ,  is compr ised  of dual plenums,  each 
containing 1. 5 t imes  the propellant required for  the mission. 
plenums ope ra t e  concurrent ly ,  with single valves.  A foiirth s e r i e s ,  in t ro-  
duced as a r e s u l t  of the analyses ,  was composed of configurations in which a 
s ingle  p lenum,  with the requis i te  quantity of propellant,  was used, with 
nonredundant  quad and dual valve packages. 

The 

The two para l le l  s y s t e m s  

The third configuration (Series  3) ,  similar to 

The two 

Each  of the configurations was 
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a l s o  examined for  the case  of a n  additional th rus t  level  and total  impulse 
r equ i r emen t  fo r  ro l l  control during the m a j o r  r e t r o  maneuver .  
urations a r e  shown in F igu res  1, 2, and 3 and s u m m a r i z e d  in Table 3 .  
A 1972 operational date was a s s u m e d ,  and a technique devised to  extrapolate  
reliabil i ty to  that date. 

The config- 

Weights and rel iabi l i t ies  w e r e  est imated for  the s y s t e m s  and 
configurations. With the exception of s to red  cold gas ,  none of the s y s t e m s  
is cu r ren t  technology. It was concluded, however ,  that any of the s y s t e m s  
could exhibit good rel iabi l i ty  i f  the required development effort  w e r e  
conducted during the next 5 years .  The two s y s t e m s  of g rea t e s t  p romise  
on the bas i s  of weight and potential reliabil i ty proved to be the hydrazine 
catalytic plenum and the dual-mode hydrazine.  
pulsion is provided by hydrazine decomposition gases  s to red  in  a plenum. 
A catalytic gas  genera tor  automatically supplies gas to the plenum. 
dual-mode hydrazine s y s  tem,  liquid hydrazine is electrolyzed and the 
result ing high specific impulse cold gas mixture  i s  s to red  in the tank ullage 
space  to provide attitude control  pu lses ;  conventional monopropellant th rus t -  
e r s  a r e  plumbed to the liquid s torage  portion of the s a m e  tankage for  higher 
th rus t  maneuvering requi rements .  

In the f o r m e r  sys t em,  pro-  

In the 

The choice between the two bes t  s y s t e m s  was different for  the small 
and la rge  total impulse requi rements .  
catalytic plenum appeared  be t te r  than the others  according to combined 
weight and reliabil i ty considerations.  In these sys t ems ,  dual-mode hydrazine 
i s  sa t i s fac tory  but sl ightly heavier  than the catalytic plenum because  a n  
additional s e t  of t h rus t e r s  is needed. 
of the catalytic plenum is degraded  by a hot gas valve r equ i r emen t  and i ts  
weight is no longer the lowest; the dual-mode hydrazine s y s t e m  then becomes  
the mos t  a t t ract ive.  

F o r  the small s y s t e m s ,  the hydrazine 

In the l a r g e r  s y s t e m s ,  the rel iabi l i ty  

The vaporjet  is heavier  than e i ther  of the two favored s y s t e m s ,  but 
light enough to deserve  careful  consideration. It would appea r  to o f f e r  
re la t ively l i t t le development r i sk ,  except possibly fo r  the zero-g  heat  
exchanger. In the p re sen t  study, the design detai ls  w e r e  not investigated 
extensively,  and only ammonia  was considered for  all of the a l te rna t ive  
designs.  In one such design,  however ,  propane appea red  to be be t t e r  than 
ammonia ,  indicating that other propellants should be investigated fur ther .  
The vaporjet  i s ,  in any event,  p romis ing  as a backup p rogram.  

Neither s to red  cold gas ,  the w a t e r  e lec t ro lys i s  plenum, nor the 
hydrazine electrolysis  plenum is r ecommended  fo r  the mis s ion  studied. 
In all cases  the tankage is excess ive ly  heavy. 

The choice between configurations depended m o r e  on valve rel iabi l i ty  

Compar i son  of S e r i e s  4 and S e r i e s  3 r e su l t s  
than any other fac tor ,  except that weight might  rule  out the fully redundant 
two-plenum s y s t e m  (Ser ies  2).  
showed that quad o r  dual valves offer g r e a t e r  re l iabi l i ty  and  lower weight 
than the original dual-plenum, single -valve sys  t e m  used on Ranger  and 
Mariner .  
a single quad valve than with a pa i r  of redundant quad valves  because  a n  

It i s  notable that the rel iabi l i ty  of any  one plenum is higher  with 
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open o r  l eak  fai lure  is m o r e  probable than a closed fai lure  and has  twice as 
many paths through the redundant package. 
recommended configuration is a pa i r  of dual valves r a the r  than one quad 
valve in o r d e r  to minimize  t ranslat ion of the flight path f r o m  unbalanced 
torques.  
with half the number  of quad th rus t e r s  is not significant compared  with 
total  s y s t e m  weight. 

In a l l  applicable cases ,  the 

The slightly g r e a t e r  weight of the dual-valve th rus t e r s  compared  

b 

It was  a l s o  found that  e i ther  of the two p r e f e r r e d  s y s t e m s  - the 
hydrazine catalytic plenum and the dual-mode hydrazine - can  be employed 
in  a fully redundant two-plenum configuration 
bil i ty advantages over the bes t  nitrogen cold gas sys tem,  even i f  the l a t t e r  
w e r e  used with a single plenum. The pre fe r r ed  configuration is ,  then, two 
plenums,  each  employing a pa i r  of dual-valve th rus t e r s  for  each control 
function. If the l a r g e r  total  impulse requi rement  is imposed, the dual-mode 
hydrazine s y s t e m  is preferab le ;  i f  the sma l l e r  total  impulse r equ i r emen t  is 
sa t i s fac tory ,  the hydrazine catalytic plenum is selected.  

with both weight and r e l i a -  
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2.  INTRODUCTION 

This repor t  consti tutes an analysis of s ix  attitude control gas  s y s -  
t e m s  f o r  spacecraf t  capable of executing an advanced space  probe miss ion:  

1) Stored cold gas  (nitrogen and others)  

2) Vaporizing liquid plenum (ammonia and o the r s )  

3) Hydrazine w a r m  o r  ambient gas plenum 

4) Water  e lec t ro lys i s  plenum 

5) Hydrazine electrolysis  plenum 

6 )  Hydrazine el  e c t r  oly s i  s plenum / hydr  azine monopropellant 
t h r u s t e r  ( the  "dual mode" hydrazine sys tem)  

THE MISSION 

The mis s ion  was to provide attitude control and maneuvering thrus t  
f o r  a space  vehicle that could fly to a planet in  200 days,  e ject  a capsule 
comparable  in  weight with the bus vehicle,  and maintain orb i t  about the 

t h e  vehicle W'S t o  
p e r f o r m  m i d c o u r s e  cor rec t ions  and other  maneuvers  s imi l a r  to those 
executed by Ranger ,  Mar ine r ,  Surveyor ,  and other projected m a j o r  space 
p robes  while maintaining referenced attitude by full th ree-axis  control 
during the intervening c ru i se  per iods.  
i s  shown in Table 1. 
leakage and crosscoupling was distributed proportionally over the other events.  

planet f o r  an additional 200  days.  D.-:-" U**"E j  t he  f l ight ,  

A profile of the selected mis s ion  
In the analyses  that follow the allotment shown under 

T h r u s t  specifications a r e  shown in Table 2. All sys t ems  were  de -  
signed with adequate energy  s torage to deliver peak demands in one continuous 
f i r i ng  at r a t e d  th rus t ;  actual  t h rus t  level  may be var ied considerably without 
e s sen t i a l  change in s y s t e m  design, 
under  all conditions of sys  tern operation. 

Thrust  is controlled within * 2 0  percent  
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TABLE 1 .  MISSION PROFILE 

Event 

1) Launch (L)  

2) Injection rate  removal 

3) Acquisition of references 

4) Roll calibration 

5) Canopus acquisition 

6) Cruise 

7) Commanded turns 

8) Midcourse correction 

9) Reacquisition of references 

10) Cruise 

11) Midcourse correction 
( s e cond) 

12) Reacquisition of references 

13) Command turns  

14) Retro 

15) Reacquisition of references 

16) Orbital cruise  

17) Commanded turns 

18) Orbital t r im 

19) Reacquisition of references 

20) Capsule separation 

21) Orbital cruise  

22) Leakage 

2 3) Cross coupling 

Total required impulse 

Time 

0 

L t l h r  

L t 2 h r  

L t 2 h r  

L t 7-112 h r  

L t 8 h r  

L t 10 days 

L t 10 days 

L t 10 days 

L t 10 days 

L t 30 days 

L t 30 days 

L t 200 days 

L t 200 days 

L t 200 days 

L t 200 days 

L t 205 days 

L t 205 days 

L t 205 days 

L + 205 days 

L + 205 days 

Duration 

- 

5 h r  

112 hr 

10 days 

190 days ( f ron  
i tems  9 to 13) 

10 minutes 

5 days 

200 days 

Throughout - depends on 
p res su re  etc.  

(Thrust  
misalignment) 

Sin le system 
two I J u a  1 1 1  s y s tem s 

~~ ~ 

Impulse, lb-sec 

No Roll 
Control 

- 
170 

20 

340 

15 

85 

200 

0 

10 

1,200 

0 

10 

500 

0 

10 

30 

160 

0 

5 

0 

285 

140 

420 

3,600 
10,800 

Roll 
Jon t ro l  

- 
170 

20 

34 0 

15 

85 

200 

100 

10 

1,200 

50 

10 

500 

2,000 

10 

30 

160 

50 

5 

0 

28 5 

140 

420 

5,800 
17,400 
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THE SYSTEM CONFIGURATIONS 

All s y s t e m s  w e r e  examined in each of 14 different configurations, a s  
summar ized  in  Table 3 and i l lus t ra ted  in  F igures  1 ,  2 ,  and 3 .  Ten  configu- 
rations w e r e  selected p r io r  to the study and the remaining four (4a,  4b, 
4c,  4d) added as a resu l t  of the reliabil i ty analysis.  

P L A N O F T H E R E P O R T  

The f i r s t  portion of the r epor t  is intended to be a concise s u m m a r y  
of r e su l t s ,  conclusions, and recommendat ions.  Details of the supporting 
analytical  and survey ma te r i a l  will  be found in  a s e r i e s  of appendices. 
F e a t u r e s  of tankage, valves ,  and nozzles which a r e  common to a l l  sys t ems  
a r e  t rea ted  in  the discussion of the baseline nitrogen cold gas  sys tem.  

i 
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THRUSTERS 
1 (+), ! (-) YAW 

1 (f), ! (-) ROLL 
! (A), ! ( ) PITCY 

TOTAL 
IMPULSE 

THRUSTERS 
1 (+), 1 (-) YAW 

4 0 

! (A), ! ( ) PITCY Y 

TOTAL 
IMPULSE 

5400 I bf-sec 

SINGLE VALVE (TYPICAL) P 
THRUSTER (TYPICAL) l/ 

Y 
CRUISE 

1 SIMILAR THRUSTER FIRES SIMULTAN- 
EOUSLY FROM EACH 1/2 SYSTEM 

EACH THRUSTER OF EQUAL FORCE - 
FORCE RANGE PER THRUSTER 0.08 - 
0.6 Ib  CRUISE 

a) 6 THRUSTERS AND 6 SINGLE 
SOLENOID VALVES PER HALF- 
SYSTEM 

I('), 1 (-) YAW CRUISE 
THRUSTERS 

I (+), I (-) PITCH 
1 (t), I (-) ROLL 
1 (t), I (-) ROLL - (RETRO ONLY) 

I 1 (t), I (-) PITCH 

THRUSTERS 
! (+), ! (-) YAW 

1 (+), 1 (-) ROLL 
1 (i), ! (-) ROLL - (RETRO ONLY) 

i ,--;I 8700 Ibf-sec f-J;bE 8700 Ibf-sec 

(TYPICAL) 

RETRO + RETRO 

1 SIMILAR THRUSTER FIRES SIMULTAN- 
EOUSLY FROM EACH 1/2 SYSTEM 

1 ADDITIONAL THRUSTER FIRES SIM- 
ULTANEOUSLY FROM EACH 1/2 SYSTEM 
- RETRO 

EACH THRUSTER OF EQUAL FORCE - 
FORCE RANGE PER THRUSTER 0.08 - 
0.61b -CRUISE; I.51bf-RETR0 f 

b) e THRUSTERS, 8 SINGLE SOLENOID 
VALVES, AND 2 ADDITIONAL ROLL 
CONTROL THRUSTERS PER HALF-SYSTEM 

Figure  3 .  Dual Tank Sys tem Configuration 
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TABLE 2. THRUST SPECIFICATION 

Number 
of 

Plenums 

Levels  - 
Cru i se  0 . 0 4  to 0 .08  lbf 
Roll control during r e t r o  0 .83  to 1.67 lbf 

Thrust  per  Nozzle 
(Number per Plenum) Series  

Reference Impulse p e r  Plenum, Valve 
Package Cruise  Retro Designation lb-sec 

Minimum Impulse  Bits 

Minimum 16 x l b f - sec  
Maximum 120 x lb f - sec  

- 
- 

1. 67(4) 

0.83(8) 

- 
- 

1.67(4) 

0.83(8) 

- 
1.67(4) 

- 
- 

1.67( 2) 

0.08(4) 

Response t imes  

Rise t ime 

l a  

l b  

IC 

Id 

22 

2b 

2c 

2d 

3a 

3b 

4a * 
4b 

4c  

4d 

90 percent  of full t h rus t  within 15 mi l l i -  
seconds f r o m  command on 

Quad 0. 08(6) 

Dual 0. 04( 12) 

Quad 0. 08(6) 

Dual 0. 04( 12) 

3600 

1 

5800 

Decay t ime 100 to 10 percent  of full th rus t  within 
8 mill iseconds f r o m  command off 

Single 

Single 

TABLE 3. SUMMARY O F  SYSTEM CONFIGURATIONS 

0. 08(6) 

0.  08( 6) 

1 

3600 

5800 

0. 08( 12) 

0. 04(24) 

Quad 0. 08( 12) I 0. 04( 12) 1 Dual 
I I I 

Chad c. 08(6) 1 Dual 1 0.04(12) 

0. 08(6) 

0.04( 12) 

2 
5400 

8700 
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3 .  GENERAL SYSTEM DESCRIPTIONS 

A brief descr ipt ion of each s y s t e m  is  given in  this section. D iag rams  
I identify only m a j o r  components.  

configurations shown in Section 2 .  
type of t h r u s t e r s  and in number of plenums. 
required,  the configuration shown here  was repeated in i t s  ent i re ty .  
detai ls  of e a c h  sys t em a r e  given in the appendices. 

All  sys t ems  were  analyzed in each  of the 
The configurations differ in  number and 

Where two plenums a r e  
Fur the r  

' COLD GAS 

The cold gas  sys t em i s  shown in Figure 4. 
valve is  optional depending on range safety requi rements .  
not be n e c e s s a r y  o r  des i rab le  i f  it is possible to achieve e x t r e m e  cleanl iness .  

i t e m s  m a y  be added without significant effect on weight o r  re l iabi l i ty .  

The pyrotechnic s t a r t  
The f i l t e r  may  

, The p r e s s u r e  t ransducer  is shown a s  typical min imal  instrumentat ion,  but 

Two propel lants  w e r e  examined: nitrogen and F r e o n  14 (carbon te t ra -  
f luoride) .  
nitrogen which offers  l a rge  potential savings in  tank weight, m o r e  than suf- 
ficient to compensate  fo r  the dec rease  in specific impulse.  

The l a t t e r  i s  a gas  of higher density and compressibi l i ty  than 

VAPORIZING LIQUID SYSTEMS 

In a vaporizing liquid reaction control propulsion sys t em,  the funda- 
men ta l  design question i s  how to provide the heat of vaporization to the liquid. 
The heat  m a y  be provided by e l ec t r i ca l  o r  solar  energy  d i rec t ly ,  o r  extracted 
f r o m  sens ib le  heat somewhere in the vehicle. We have selected th ree  designs 
fo r  ana lys i s .  
the second,  a regenerat ive design, uses  an integral  t ank/boi le r  which ex-  
t r a c t s  the r equ i r ed  heat f r o m  the liquid propellant i tself;  and the th i rd  sup- 
p lements  the regenera t ive  design with provision for use of waste heat f r o m  
the m a i n  propuls ion engine during the r e t r o  maneuver .  

The f i r s t  involves use of an  electr ical ly  heated vaporizing plenum; 

Attention has  been focused on ammonia and propane propellants.  It 
should be pointed out, however ,  that a r igorous determination of the best  
vaporjet  propel lant  f o r  a given mis s ion  has never  been made .  
Appendix D,  t h e r e  a r e  other candidates which may m e r i t  at tention, 

As noted in 
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Battery System 

The vaporizing liquid sys t em is depicted in F igure  5. In this sys t em,  
Af t e r  liquid i s  withdrawn f r o m  the low p r e s s u r e ,  ambient  t e m p e r a t u r e  tank. 

being f i l tered,  the liquid i s  isothermally vaporized. 

After vaporization, the saturated vapor  is thrott led to 50 psia  by the 
p r e s s u r e  regulator and then  heated i soharical ly  hack 
by the superheater .  
heat required during c r u i s e  f o r  vaporization and superheating can  undoubtedly 
be supplied by the ambient  was te  heat of the spacecraf t .  
and extra  rol l  control ,  however ,  requi re  heat to be supplied by e l ec t r i ca l  
hea t e r s .  Since the peak power demand is v e r y  high, ba t t e r i e s  a r e  unavoid- 
able .  
f o r  the extra  ro l l  control  case, f o r  which it was  m o r e  efficient to use  a n  
additional special  one- shot bat tery.  

~ m - h i e ~ t  tern-pera-ture 
The The g a s  is  then passed  to the t h r u s t e r s  on demand.  

The maneuvering 

All power r equ i r emen t s  a r e  sat isf ied by a rechargeable  ba t te ry ,  except 

PROPELLANT ( TANK 1 4 

THRUSTERS AND VALVES h - 
- 5  

‘START VALVE 

BURST DIAPHRAGM 
\‘ PRESSURE TRANSDUCER 

THRUSTERS 
AND VALVES 

VAPORIZER 

LIQUID TRAP - PROPELLANT 

,FILTER 

BATTERIES 
AND CONTROLS 

Figure 4. Cold Gas  Attitude Control F igure  5. Vaporizing Liquid Sys tem 
System Baseline Design With Bat tery Powered  Heaters  

REGULATOR LIQUID 
TRAP 

4 0 

4 N 

OI 

- 
- 
C 

--1 

Figure  6. Vaporizing Liquid Sys t em With Regenerative 
Heat Exchanger  in  Tank 
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A vaporjet  d i f f e r s  f r o m  the usual  zero-gravi ty  propellant feed  sys t em 
in  that the p re s su ran t  is  not a permanent  gas but is  the equilibrium vapor  
whose amount  relative to the liquid i s  quite sensi t ive to the rma l  fluctuations.  
Hence it is  not possible to control position of the ullage bubble under z e r o  
gravi ty  by b ladders  o r  s c r e e n  devices  because vapor  p r e s s u r e  will  always 
cause  the bubble to  appear  at the w a r m e s t  spot in  the tank and collapse a t  all 
o ther  locations.  Because it is  important  to guarantee the type of feed fo r  
efficient vapor izer  operation, careful  thermal  control  of the en t i r e  tank is  
needed. In addition, it will  probably be necessa ry  to include baffles to 
reduce sloshing during maneuvers .  No detailed investigation w a s  made  of 
these requi rements  o r  of vapor izer  and liquid t r a p  design because the two 
sys t ems  descr ibed  in the following paragraphs w e r e  m o r e  a t t r ac t ive .  
Regenerat ive Heat Exchanger  

F igure  6 shows the method of extracting heat f r o m  the propellant tank. 
Liquid o r  vapor  is withdrawn f r o m  the tank and thrott led to 70 psia through 
regulator  R-1.  
integral  heat  exchanger and is  converted ent i re ly  to vapor  a t  approximately 
tank t empera tu re .  The vapor  then p a s s e s  through a t r a p  to  remove  any 
remaining unvaporized liquid and is  throttled through a second p r e s s u r e  
regulator  (R-2)  to superheated vapor a t  50 ps ia ,  a p r e s s u r e  appropriate  to 
t h r u s t e r  operation. 
pend on propellant selection and heat exchanger operation as d iscussed  in 
Appendix D. 

superheated condition. 
regulator  R-1 under  conditions in  which cool propellant vapor  o r  even liquid 
propel lant  m a y  be t rapped i n  the line between regula tors  R-1 and  R-2. This 
condition might  ex is t ,  fo r  example,  following the r e t r o  maneuver ,  when the 
t empera tu re  of the remaining propellant in  the tank will  b e  substantially lower 
than the t empera tu re  during pulse mode operation. Regulator R-2 will main-  
ta in  the downst ream p r e s s u r e  at the des i red  value while the t empera tu re ,  and 
the re fo re  the p r e s s u r e ,  of the propellant trapped between R-1 and R-2 
i n c r e a s e s  a s  the s y s t e m  recove r s  f rom the r e t r o  maneuver .  

during pe r iods  of high flow through the sys tem a r e  indicated by T-1 and T-2 .  
These  t r a p s  would function by providing a more  closely spaced s t r u c t u r e  than 
the ad jacent  tube ,  Such a s t r u c t u r e  would ac t  as  a "wick" which would hold 
the liquid by capi l la ry  action. 

The result ing mixture  of liquid and vapor  p a s s e s  through the 

Tempera tu res  corresponding to the above p r e s s u r e s  de-  

The vapor  downst ream of regulator  R-1 would normally be i n  the 
Regulator R-2 functions essent ia l ly  a s  a backup to  

T r a p s  fo r  controlling possible liquid intrusions into the feed l ines  

The  max imum spacing of the po res  of the "wick" would depend upon 
the acce le ra t ions  against  which the device must  hold the liquid. A approxi- 
mat ion  to the max imum spacing can  be obtained by determining the cha rac -  
t e r i s t i c  length which gives  a Bond number  of unity under the max imum 
acce le ra t ion  s u f f e r e d  by the capi l lary device during the miss ion .  One of the 
impor tan t  a t t r i b u t e s  of a capi l lary t r a p  f o r  u s e  in  a vaporjet  sys t em i s  that 
the t r a p  l i b e r a t e  no par t iculate  matter that might i n t e r f e re  with the action of 
va lves  o r  r e g u l a t o r s .  
porous  s t r u c t u r e s  of s in te red  metal o r  metal  fe l t s )  w e r e  considered to be  
unsuitable i n  this application. 

Thus many of the m o r e  common m a t e r i a l s  ( such  a s  

1 3  
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The types of s t ruc tu res  present ly  envisioned for  capi l lary t r aps  T- 1 
and T - 2  a r e  i l lustrated in F igure  7 .  T r a p  T-1 i s  fabr ica ted  f r o m  sheet o r  
s c reen  of the same  m a t e r i a l  a s  the l ine in which it i s  inser ted .  
line will be drawn by capi l lary action into the co rne r  fo rmed  by the edge of 
the sp i r a l  and the tubing wall ,  a s  i l lustrated in Section A-A. 
would a l so  provide somewhat improved heat t r ans fe r  f r o m  the vapor  to the 
tubing wall during per iods of vapor  flow. 

Liquid in the 

The sp i r a l  

T r a p  T-2  i s  located immediately ups t r eam of regulator  R-2 and is 
essent ia l ly  s imi l a r  to a type of in-l ine f i l t e r  inser ted  a t  f la red  joints of AN 
fit t ings.  Such a f i l t e r  could probably be employed without modifications; 
however,  the s c r e e n  m e s h  would be much finer than that n e c e s s a r y  for  capil-  
l a r y  control of liquid inclusions in the vapor. The trapped liquid would be 
retained in  the annulus between the s c r e e n  and the tubing, a s  i l lustrated in 
Section B-B. The amount  of liquid retained by this  method would therefore  
be l imited to the volume of this annulus. 
would cause  the t empera tu re  at t r a p  T-2  to be higher than in other  pa r t s  of 
the l ine between regulators  R- 1 and R- 2 during period of low propellant 
usage (such as  the att i tude control mode) and would thus remove  by dis t i l la-  
tion a l l  liquid f r o m  t r a p  T-2  (and the neighborhood of the inlet  to regulator 
R-2) during these per iods .  

Thermal  control I1 (F igure  6) 

Calculations show that  tank tempera tures  of the o r d e r  of 2 2 0 ° F  resu l t  
in  lowest  s y s t e m  weight.': Since no source of was te  heat  is available a t  that 
t e m p e r a t u r e ,  i t  i s  n e c e s s a r y  to insulate the tank and provide a low wattage 
e l ec t r i ca l  hea t e r  and thermosta t .  
m u s t  be maintained a t  a t empera tu re  above the dewpoint of the propellant. 
T h e r m a l  control  r equ i r emen t s  a r e  discussed in Appendix H. 

Distribution l ines  downst ream of R-2 a l so  

Z e r o  gravi ty  ullage control  i s  not required; the sys t em has been 
designed to accep t  e i the r  gas  o r  liquid f rom the tank. 
highest  i f  only gas  w e r e  taken f r o m  the tank because  no heat  exchange would 
be requi red .  
l a r g e  enough f o r  such ullage control,  but violent boiling of the tank contents 

s y s t e m  is thought mos t  pract ical .  

Efficiency would be 

I t  i s  quite possible that settling f o r c e s  during r e t r o  would be 

A ~ i m h t  -PO cult ir, sorLc liquid effluent ur,dn,r 3 n . r  rnprl;t;~ns,  ""Y --*** 6 L L  A b i )  2nd the ~1~ggeS tPd  

Ex te rna l  Heat  Exchanger  System 

The ex terna l  heat exchanger sys tem i s  shown in Figure 8 .  This sys-  
t e m  is a modification of the regenerat ive heat exchanger  sys t em and i s  
applicable only to the ex t ra  rol l  control cases .  
taking the g a s  o r  liquid jus t  downstream of the f i r s t  p r e s s u r e  regulator .  
m a t e r i a l  i s  t r anspor t ed  to a heat exchanger which ut i l izes  the main  propul- 
sion s y s t e m  of the vehicle a s  a heat source.  
supplied to t h e  rol l  control  t h r u s t e r s  on demand. 
cycle  opera t ions  a r e  p e r f o r m e d  by the regenerat ive heat  exchanger  half of the 
s y s t e m  desc r ibed  above. 

The modification involves 
The 

The exiting superheated gas  i s  
All  maneuvering and l imi t  

.~ 

:::See Table  D-3,  Appendix D. 
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There  a r e  seve ra l  advantages in this mode of operation. F i r s t ,  
substantial  propellant savings r e s u l t  f r o m  the f a c t  that  extra propellant need 
not be c a r r i e d  to maintain the tank heat source above the saturat ion t empera -  
t u re  of the g a s  in  the heat  exchanger during the high total  impulse ro l l  con- 
t ro l .  
propulsion unit. Finally,  additional weight savings can  r e s u l t  f r o m  the 
inc rease  in specific impulse due to the higher tempera ture  of the ro l l  control  
propellant.  

Next, th i s  sys t em may  prove useful in the the rma l  control  of the main  

Hydrazine Catalytic Plenum 

A s  shown in F igure  9,  hydrazine i s  contained within a tank and seg- 
regated f r o m  the p re s su ran t  gas  (ni t rogen o r  helium) by a butyl o r  E P R  
rubber  bladder .  
f e r r e d  over  a separa te  g a s  bottle and regulator.  
f o r  z e r o  gravi ty  ullage control  because  i t  i s  a proved device.  
f o r c e  devices  could a l s o  be  used  but o f f e r  no par t icu lar  advantage and a r e  
not s ta te  of the a r t .  

Simple blowdown pressur iza t ion  is  adequate and is p re -  
The bladder  w a s  selected 

Capi l lary 

The ca ta ly t ic  r eac to r  i s  a monopropellant g a s  genera tor  of the type 
developed by JPL and cu r ren t ly  available f rom seve ra l  companies ,  including 
Hamilton Standard Division of United Ai rc ra f t ,  W a l t e r  Kidde Company, 
The Marqua rd t  Corporat ion,  Rocket Resea rch  Corporat ion,  and TRW Sys tems.  
Control  of the genera tor  i s  accomplished by a p r e s s u r e  switch in  the plenum 
acting on the liquid flow valve through a n  e l ec t r i ca l  r e l ay .  

A relief valve i s  considered essent ia l  but does not function during 
no rma l  s y s t e m  operation. 
e n s u r e s  no leakage if  valve operation is never requi red .  

A b u r s t  diaphragm i n  s e r i e s  with the relief valve 

F i l t e r s  a r e  requi red  t o  remove  par t ic les  result ing f r o m  a t t r i t ion  of 
the ca t a lys t  p a r t i c l e s  in the g a s  g e n e r a t o r ,  
s t r e a m  l ine  but could be located in  the plenum to  enable a g r e a t e r  filter 
capaci ty .  

A f i l t e r  i s  shown in the down- 

ELECTROLYSIS SYSTEM 

E i t h e r  water  o r  hydrazine m a y  be electrolyzed by the sys t em shown 
in F igu re  10. 
(See Appendix E . )  

The only differences would be in  the ma te r i akof  construct ion.  

E lec t ro lys i s  i s  controlled by a p r e s s u r e  switch and e l e c t r i c a l  r e l a y  
which admits c u r r e n t  to the ce l l .  
r e q u i r e s  a lower  voltage than ord inar i ly  supplied by a spacecraf t  bus.  
conditioning equipment such as  a c u r r e n t  o r  voltage regulator  would not be 
n e c e s s a r y ,  however ,  if the ce l l  w e r e  connected to  its own patch of solar 
c e l l s .  

Although power demand i s  low,  the ce l l  
Power  
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Operating p r e s s u r e  of the plenum mus t  be considerably higher than 
acceptable to  the t h r u s t e r s  because of the relatively l a r g e  gas  s torage  
requirements .  Consequently, a regulator  and pyrotechnic start valve a re  
included in  the system. The actual operating p r e s s u r e  i s  1500 ps i  to  take 
advantage of F r e o n  14 prepressur iza t ion ,  shown to be advantageous in  the 
p r  e sent application. 

A bladder i s  not usefui in these s y s t e m s  because gas  m u s t  be removed 
f r o m  the tank but would be  generated on the wrong side of a bladder .  The 
p re fe r r ed  method is a branched manifold terminated by non-wetted porous 
plugs as  shown in  F igure  11. 
ent i re ly  i m m e r s e d  i n  liquid, only g a s  will be passed.  

So long as  any  one of the porous plugs is not 

The e l ec t ro lys i s  ce l l  cons is t s  of concentr ic  w i re  s c r e e n  cyl inders  
separated by a wick as  shown in F igure  12. 
under Hughes independent r e s e a r c h  and development and ver i f ied to  t r a n s -  
p o r t  and electrolyze liquid. 
though it has  not been experimental ly  demonst ra ted  under  z e r o  gravi ty  
conditions. 

Such c e l l s  have been tes ted 

Calculations show the design should be effective,  

CATHODE AJ I CATHODE 

CATHODE 

FEED-THROUGH ' 

-4 

-4 
Iu 
I 

0 

i3 
c c 

Figure  11. Branched Gas  Manifold F igu re  12. E l e c t r o l y s i s  Cell C r o s s  
Baffles and Elec t ro lys i s  Cell  Section 
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DUAL MODE HYDRAZINE 

The dual mode hydrazine sys t em is shown in F igure  13. 
posed of a l l  the e lements  of a n  e lec t ro lys i s  sys tem with the addition of 
catalytic monopropellant hydrazine engines and a s c r e e n  device f o r  liquid 
feed under ze ro  gravity conditions, 
provides the sma l l  accu ra t e  impulse bi ts  needed for  att i tude control ,  while 
the liquid engines sat isfy all maneuvering requirements .  The physical 
a r r angemen t  of the components,  shown in Figure 14, is ve ry  s imi l a r  to that 
of the previous e lec t ro lys i s  sys tems.  

I t  is  com-  

In operation, the gas  side of the s y s t e m  

Pres su r i za t ion  of the liquid feed is provided by the generated elec-  
t ro lys i s  gas  which, a s  in  the previously descr ibed e lec t ro lys i s  sys tem,  is 
controlled by a p r e s s u r e  switch and e lec t r ica l  re lay .  In the dual mode sys-  
t em,  however,  operating p r e s s u r e  i s  lower  because no l a rge  g a s  s torage  is 
required and feed p r e s s u r e  for  the liquid engines i s  only about 100 to 300 
psia .  Suitable liquid engines in the 0 . 0 5  to 50 lbf th rus t  range a r e  available 
f r o m  the previously l i s ted  gas  genera tor  manufacturers .  

GAS FEED 
MANIFOLDS (6) ,  

ELECTROLYSIS CELL 

BURST DIAPHRAGM 

N 

CATALYTIC 
THRUSTERS 2 

AND VALVES 9 

Figure  13. Dual-Mode Hydrazine 
Sys tem 

,,,/,EkL;!%%UGH 
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ELECTRODE 

CUTAWAY VIEW OF 
ELECTRODE ASSEMBLY EXPLODED VIEW OF DUAL SYSTEM TANKAGE 

Figure  14. Dual-Mode Hydrazine Sys tem 
Internal Tank Components 
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4.  ANALYTICAL RESULTS 

RELIABILITY 

F r o m  a rel iabi l i ty  standpoint, valves  w e r e  judged the m o s t  c r i t i c a l  
, components in  any of the sys t ems  studied. 

with the fac t  tha t  valves  have the only mechanical  moving p a r t s ,  except  m i s -  
cel laneous switches of high rel iabi l i ty  and a bladder  that undergoes only one 
expulsion cyc le .  Since identical  valving schemes  w e r e  examined,  i t  is not 
su rp r i s ing  that overa l l  sys t em rel iabi l i ty  i s  much m o r e  a function of con- 
f igurat ion than the choice of a par t icu lar  propulsion method. 

This conclusion i s  consis tent  

The m o s t  significant fac tor  in the reliabil i ty ana lys i s  proved to be the 
The mis s ion  under  study - a deep  space  and 1 t ime  avai lable  f o r  development.  

p lane tary  explorat ion - is a number  of yea r s  i n  the fu ture ,  and consequently 
the rel iabi l i ty  a s s e s s m e n t  m u s t  be based  on pro jec ted  rel iabi l i ty  a t  the t ime  
of execution. 
5 y e a r s  o r  m o r e ;  1972 was  se lec ted  as  the requi red  operat ional  date .  
amount  of development t ime i s  seen  to permi t  cons iderable  growth in  a t ta in-  
able  re l iab i l i ty .  In fac t ,  the r e su l t s  presented  in Table 4 show that all of the 
analyzed s y s t e m s  could a t ta in  a v e r y  high reliabil i ty by 1972, even i f  the 
m o s t  conserva t ive  e s t ima tes  a r e  adopted. On the o the r  hand, i f  a s y s t e m  
w e r e  to  be bui l t  today, re l iabi l i ty  considerat ions would probably dictate  a 
cold g a s  s y s t e m  as  shown by the g raph  of reliabil i ty v e r s u s  t ime ,  F igu re  15.  
A detai led descr ip t ion  of analyt icai  techniques aiid resu l t s  is given in 
Appendix A.  

F o r  a complex miss ion ,  anticipated development t ime would be 
This  

1 

The above reasoning might  lead  to the conclusion that  differences in 
weight would be  m o r e  impor tan t  than reliabil i ty in select ion of a subsys tem 
f o r  a 1972 mis s ion .  I t  m u s t  be rea l ized ,  however, that  the ac tua l  select ion 
p r o c e s s  would involve optimization of weight and  rel iabi l i ty  tradeoff s among 
all s u b s y s t e m s  e s sen t i a l  to the mis s ion .  
power ava i lab i l i ty  might  be governing f ac to r s .  Cos t  has  not,  of c o u r s e ,  been 
a f a c t o r  i n  the ana lyses  repor ted  h e r e .  

In such  a p r o c e s s ,  cos t  and man-  

Some observa t ions  may  be offered concerning choice of configuration. 
One firm conclusion i s  that  the "dual" sys tem which employs two plenums,  
e a c h  containing one and a half t imes  the required propel lant  and control led 
by s ingle  va lves  ( s e r i e s  3 ) ,  is not des i rab le  f r o m  e i the r  a weight o r  a re l i -  
ab i l i ty  standpoint.  I t  is t rue  that this  concept was  employed successful ly  on 
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Deiignation 

l a  

l b  

IC 

Id 

2. 

2b 

2c 

2d 

3. 

3b 

4. 

4b 

4c 

4d 

Number of 
Plenumi 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

1 

1 

1 

1 

Total 

l b - i ec  
knpUliS, 

3,600 

3,600 

5,800 

5,800 

7,200 

7,200 

11,600 

11,600 

10,800 

17,400 

3,600 

3,600 

5,800 

5,800 

Valve# 

Quad 

Dual 

Quad 

Dual 

Quad 

Dual 

Quad 

Dual 

Single 

Single 

Quad 

Dual 

Quad 

Dual 

Nitrogen Cold Gal  

Weight, 
poundi 

152 

152 

2 47 

2 48 

284 

285 

453 

454 

389 

618 

142 

142 

227 

227 

Reliability 

Upper 

0.984 

0.984 

0.983 

0. 983 

0.998 

0. 998 

0.998 

0. 998 

0.982 

0. 971 

0. 986 

0. 986 

0.984 

0.984 

0.958 

0.958 

0.951 

0.951 

0.995 

0.995 

0.994 

0.994 

0.936 

0.902 

0.962 

0.962 

0.957 

0.957 

Freon 14 Cold Gar 

Weight, 
poundi 

137 

138 

228 

229 

2 54 

255 

4 16 

416 

343 

5 62 

127 

127 

208 

208 

Reliability 

0.984 

0.984 

0.983 

0.983 

0.998 

0.998 

0.990 

0.998 

0.982 

0. 971 

0. 986 

0. 986 

0.984 

0.984 

Lower 

0. 958 

0.958 

0.951 

0.951 

0.995 

0.995 

0.994 

0.994 

0.936 

0. 902 

0. 962 

0. 962 

0.957 

0.957 

Propane Vaporjet, Battery 

Weight, 
poundi 

105 

106 

2 04 

205 

190 

191 

366 

367 

233 

426 

95 

95 

183 

184 

lereion 

Reliability 

Upper 

0. 983 

0.983 

0.981 

0.981 

0. 996 

0. 996 

0.996 

0.996 

0. 981 

0.971 

0.983 

0.983 

0.982 

0.982 

- 
Lower - 

0. 95 

0. 95 

0. 94. 

0. 94. 

0. 99 

0. 99 

0. 991 

0. 991 

0. 93 

0. 891 

0. 951 

0. 95! 

0. 94' 

0. 94' 
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TABLE 4. 

4mmonia Vaporjet, Bat tery 

Weight, 
poundi 

113 

114 

2 62 

2 62 

206 

206 

482 

483 

2 32 

5 10 

102 

103 

201 

241 

‘ersion 

Reliability 

0.983 

0.983 

0.981 

0. 981 

0. 996 

0. 996 

0. 996 

0.996 

0.981 

0.971 

0.983 

0.983 

e. a82 

0. 922 

Lower 

0.951 

0. 951 

0.944 

0.944 

0. 991 

0. 991 

0. 990 

0. 990 

0. 931 

0. 896 

0.955 

0.955 

0.949 

0.949 

-- 
Am1 

R 
HCi 
~. 

Weight, 
pound. 

84 

85 

167 

168 

148 

149 

293 

294 

184 

375 

74 

75 

i4i 

147 

SYSTEM SUMMARY 

i i a  Viporjdt 
enerative 
Exchanger 
er i ion 

Reliability 

Upper - 
0.980 

0.980 

0.979 

0.979 

0. 996 

0.996 

0.996 

0.996 

0.980 

0.970 

0.981 

0.981 

0. 980 

0.980 

Lower - 
0.945 

0.945 

0.939 

0.939 

0. 990 

0.990 

0.989 

0.989 

0. 929 

0.893 

0.945 

0.945 

0.94: 

0.94: 

- 

..- 
Ammonia Vaporjet 

External  
Exchanger 
:raion 

Reliability 

Upper - 

0.979 

0.979 

0.996 

0.996 

0. 920 

0. 980 

0. 980 

- 
Lower - 

0.939 

0.939 

0.989 

0.989 

0.893 

0.943 

0.943 

- 

Hydrazine Catalytic 
Plenum 

Weight, 
poundi 

65 

66 

102 

103 

109 

110 

158 

159 

125 

140 

56 

56 

89 

89 

Reliability 

Upper 

0.989 

0.989 

0.936 

0.936 

0.997 

0. 997 

0.997 

0.997 

0.977 

0.965 

0.989 

0.909 

0.988 

0.988 

Lower 

0.939 

0.939 

0.877 

0.877 

0.991 

0. 991 

0.985 

0.985 

0.870 

0.725 

0.947 

0.947 

0.908 

0.908 



Dual-Mode Hydrazine Hydrazine Electrolyaib 
ymtem -. - _  

Weight, 
poundr 

Plenum 

82 

89 

I 92 

98 

119 

, 125 

138 

145 

113 

141 

59 

63 

69 

72 

Reliability Reliability 

0.981 

0. 981 

0.978 

0.978 

0.997 

0.997 

0.997 

0.997 

0. 960 

0.935 

0.983 

0.983 

0.981 

0.981 

- 

Weight, 
pound6 

115 

116 

208 

209 

248 

249 

373 

374 

274 

489 

105 

105 

Lower 

0.934 

0.934 

0. 919 

0. 919 

0. 992 

0. 992 

0. 991 

0. 991 

0.846 

0.758 

0.944 

0.944 

0.933 

0.933 

Upper 

0. 982 

0. 982 

0.980 

0. 980 

0. 998 

0. 998 

0.998 

0.998 

0.981 

0.970 

0. 984 

0. 984 

Lower 

0.939 

0.939 

0. 930 

0. 930 

0.994 

0.994 

0.993 

0.993 

0. 919 

c. 878 

0. 950 

0. 950 

0.943 

0. 943 

Wate 

Weight, 
poundr, 

116 

116 

2 08 

2 10 

2 50 

250 

374 

375 

2 64 

492 

106 

106 

187 

188 

Electrolyaic 
!LE-. ~ 

Reliability 

Upper 

0.982 

0.982 

0. 980 

0.980 

0.998 

0.998 

0. 998 

0.998 

0. 981 

0.970 

0. 984 

0.984 

0. 982 

0. 982 

- 
Lower - 

0.939 

0.939 

0.930 

0.930 

0.994 

0.994 

0.993 

0.993 

0.919 

0.878 

0.950 

0.950 

0.943 

0.943 

Combuition Water Rocket 

Weight, 
pound8 

67 

73 

141 

151 

110 

116 

226 

2 36 

92 

182 

55 

58 

114 

118 

Reliability 

Not 
determined 



Ranger  and Mar ine r  and might  s t i l l  be the method of choice for  a smal l  
system. In the or iginal  Ranger ,  for  instance,  i t  was  possible to tank three  
t imes  the required propellant in a sys t em that weighed only 30.  5 pounds, 
including 4. 18 pounds of nitrogen; this amounted to only a 7 pound weight 
penalty over  the simple nonredundant system. 
number  of valves probably would have resul ted in a g r e a t e r  weight penalty 
than that i ncu r red  by the "dual" half-system approach.  F o r  the present  
mission,  valve weight i s  a much sma l l e r  f ract ion of total  weight and the 
fully redundant half-system approach  is found to be excessively heavy. 

' 

Doubling the weight and  

I t  i s  implici t  in the above ana lys i s  that dual o r  quad valve groups 
compr i se  completely independent valves ,  totally f r e e  f r o m  undesirable in te r -  
act ions.  While it is felt  that sufficient development could, in fac t ,  produce 
such valves ,  t he re  i s  some question whether the assumpt ion  is t rue  today. 
F o r  example,  the ups t r eam valve in a dual o r  quad a r r a n g e m e n t  could pro-  
duce contamination by m e t a l  a t t r i t ion  f r o m  the bear ing su r faces  which could 
in  turn disable  the downst ream valve. 
in reproducibil i ty of response for  multiple valves acting simultaneously.  
These  questions can  be answered  only by experiment .  
insufficient to allow a positive conclusion. 

' 
, 

Additionally, t he re  might  be a problem 

To date ,  the data a r e  

I One o ther  interest ing conclusion related to quad o r  dual valves i s  that 
redundant va lve / th rus t e r  packages specified for the S e r i e s  I configura- 
t ions would a p p e a r  to r e su l t  in an  undesirable weight and reliabil i ty penalty 
over  a single va lve / th rus t e r  package fo r  each function. 
follows f r o m  the fai lure  r a t e  apportionment, which s ta tes  that an  open (includ- 
ing leak)  fa i lure  is  m o r e  l ikely than s t ick closed. Two open fai lure  paths 
appear  in  S e r i e s  1 ,  a s  opposed to only one path for  the s impler  s y s t e m  shown 
as  Se r i e s  4 in  Table 3 .  Of cour se ,  i t  is real ized that some concern  about 
undesirable  t ranslat ion in the flight path may exis t  for  sys t ems  that do not 
provide a pure torque couple, which fac t  could outweigh the smal l  weight and 
rel iabi l i ty  savings of the s impler  sys tem.  Replacing nonredundant quad 
v a l v e / t h r u s t e r s  by a pa i r  of dual va lve / th rus t e r s  appea r s  to be the m o s t  
de s i r ab le  a l te rna t ive .  

This conclusion 

The ove ra l l  conclusion of the reliabil i ty study i s  that all of the sys -  
t e m s  have high potential reliabil i ty according to present  s tandards and the 
be t te r  configurations a r e  very  likely to be  completely acceptable ,  even if  the 
m o s t  conservat ive e s t ima tes  a r e  adopted. 
margina l :  
f igurat ions.  The 
s y s t e m  should, however ,  s t i l l  be  acceptable in  the second configuration. 

Only one c a s e  might  be considered 
the hydrazine catalytic plenum in the additional rol l  control  con- 

This  is a consequence of a hot g a s  valve requirement .  

SYSTEM WEIGHT 

Continuing with the task  of selecting the bes t  configuration and s y s t e m ,  
i t  i s  seen  f r o m  Table 4 that the dual mode hydrazine,  hydrazine catalytic 
plenum and ammonia  vaporjet  s y s t e m s  a r e  sufficiently light i n  weight that  
two fully redundant plenums could be employed with a net benefit in both 
weight and  rel iabi l i ty  over  the bes t  cold gas sys tem.  

I 

If weight allowance 
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prec ludes  a cold g a s  o r  a heavier  two plenum s y s t e m ,  high rel iabi l i ty  is 
s t i l l  available in ce r t a in  single plenum s y s t e m s ,  
a weight s u m m a r y  of the th ree  bes t  s y s t e m s  i s  shown in Table  5.  

For e a s i e r  compar i son ,  

E i the r  the hydrazine catalyt ic  plenum o r  the dual mode hydrazine 
sys t em is lowest  in  weight,  depending on the mis s ion  r equ i r emen t s .  
sriiallei- total i i ~ ~ p ~ l s ~  c s d i g u r a t i s n s  that do not  sxpply 2dditiona.l ro l l  cont ro l ,  
the catalytic plenum is l ightest .  
however, favor  the dual mode hydrazine sys t em.  
mode system r e q u i r e s  a n  additional s e t  of va lves  and t h r u s t e r s ,  which 
imposes a significant weight penalty in small s y s t e m s .  
capabili ty is  inc reased ,  the be t t e r  specific impulse  obtainable f r o m  the ca t a -  
lytic engines of the dual  mode s y s t e m  overcomes  the weight penalty of the 
additional hardware .  The c r o s s o v e r  point o c c u r s  somewhere  between the 
two basic configuration r equ i r emen t s .  

F o r  the 

The l a r g e r  total  impulse  configurat ions,  
The r e a s o n  is  that the dual 

As  total  impulse 

One o ther  significant f ac to r  affects  the choice between the two l ightest  
If the hydrazine plenum w e r e  ca l led  upon to provide additional ro l l  sys t ems .  

control ,  calculation indicates  that  the at t i tude control  t h r u s t e r s ,  a s  wel l  a s  
the special  ro l l  control  t h r u s t e r s ,  would be requi red  to valve hot g a s .  F o r  
maneuvering, however, only cool  o r  modera te ly  w a r m  g a s  would be  d i s t r ib -  
uted,  result ing in  a much l e s s  s e v e r e  valve p rob lem,  

Both f a c t o r s  indicate a p re fe rence  fo r  the hydrazine catalyt ic  plenum 
in applications without additional ro l l  cont ro l  and f o r  the dual mode hydraz ine  
sys t em with added ro l l  control  o r  o ther  l a r g e  s teady s t a t e  t h r u s t  r equ i r emen t s .  

Thc ammonia vaporjet ,  while not so  l i gh t  in  any application a s  the 
hydrazine catalytic plenum o r  the dual mode hydraz ine  s y s t e m s ,  
d e s e r v e s  se r ious  considerat ion:  f irst ,  because the ammonia  s y s t e m  needs  
only a s t ra ightforward and modest  extension of existing technology and, 
second, because  some  reduct ion in the s ta ted weights may probably be 
achieved. 
y e a r s '  developriient t i m e  would be availablc.  If the s y s t e m  i s  r equ i r ed  to  be 
operational at a much e a r l i e r  da te  o r  i f  only a modes t  funding i s  anticipated,  
the ainmonia sys tem of fers  l e s s  risk than any s y s t e m  but cold gas .  Final ly ,  
it is not possible  to  pred ic t  the fu ture  of development with confidence. 
The ammonia ( o r  a l te rna t ive  vaporizing liquid) s y s t e m  i s  m o s t  a t t rac t ive  f o r  
a backup development p r o g r a m .  

still 

One ground r u l e  f o r  the p r e s e n t  study has  been that 5 o r  m o r e  

The other  s y s t e m s  studied a r e  not recommended f o r  the p re sen t  mis-  
sion because of high weight. Cold g a s  s y s t e m s  i n  pa r t i cu la r  suffer  a c l e a r l y  
defined weight disadvantage,  even f o r  a t t i tude cont ro l  alone. However,  i f  a 
given miss ion  could not allow t i m e  f o r  s y s t e m s  development,  re l iabi l i ty  con-  
s iderat ions might demand cold g a s  and it would be impor t an t  not only to  
evaluate F r e o n  14 in m o r e  detai l  but a l s o  to  invest igate  o ther  poss ib le  cold 
gas  propellants.  

The weight and pe r fo rmance  of the w a t e r  and hydraz ine  e l ec t ro lys i s  
plenurns s y s t e m s  a r e  a lmos t  identical .  
f o r  the p re sen t  miss ion ,  if a t t i tude con t ro l  w e r e  the only r equ i r emen t ,  
could b e  ve ry  at t ract ive.  

Although they  cannot be  recommended 
e i the r  
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A s  a matter of i n t e r e s t ,  a combustion wa te r  e l ec t ro lys i s  plenum w a s  
calculated.  
the sma l l e r  total  impulse configurations than any of the o ther  s y s t e m s  
studied. However,  additional experimental  data confirming solution of the 
flashback problem would be  requi red  in o r d e r  to make  a r ea l i s t i c  reliabil i ty 
a s ses smen t .  F ive  y e a r s  of development would probably be m o r e  than ample  
tc prcduce 2 reliable device.  

It i s  s een  (Table  4) that  the hot water  rocket  could be  l igh ter  in  

CONFIGURATION SELECTION 

Four  basic  configurations a r e  considered:  

S e r i e s  1 - One plenum, dual o r  quad valves (redundant),  
1 x requi red  propellant 

S e r i e s  2 - Two plenums,  dual o r  quad valves  (non-redundant),  
2 x requi red  propellant 

S e r i e s  3 - Two plenums,  single valves  (non-redundant),  
3 x requi red  propellant 

S e r i e s  4 - One plenum, dual o r  quad valves (non-redundant),  
1 x requi red  propellant 

Note that S e r i e s  4, while not requi red  by con t r ac t ,  is  cons idered  
because the rel iabi l i ty  ana lys i s  indicates  super ior i ty  over  S e r i e s  1 .  
weights a r e  der ived f r o m  S e r i e s  1 by removal  of half the quad o r  dual valve/  
thru s te r pac kag e s . 

The 

S e r i e s  3 has  been eliminated because  of previously desc r ibed  d isad-  
vantages in weight and rel iabi l i ty .  
experimental  data show a n  unanticipated advantage f o r  redundant quad o r  
dual valving. 
to acceptable weight because the wors t  S e r i e s  2 s y s t e m  i s  m o r e  rel iable  
than the b e s t  S e r i e s  4 sys t em.  

S e r i e s  1 i s  e l iminated unless  fu tu re  

The choice between S e r i e s  2 and S e r i e s  4 m u s t  be  according 

Two dual va lve / th rus t e r  a s s e m b l i e s  a r e  slightly p r e f e r r e d  ove r  a 
single quad valve/ t h r u s t e r  a s sembly .  
present  knowledge, and  the additional weight of the nozzles  a n d / o r  t h r u s t  
chambers  requi red  f o r  the dual configuration is t r i v i a l  compared  with the 
total  sys tem weight. Since the dual valve configuration m a y  be employed a s  
a pure torque couple, vehicle t ranslat ion f r o m  operat ion of only one plenum 
(e i ther  by choice o r  accidental  l o s s  of one plenum) can  be  minimized  without 
recourse  to an  additional t h r u s t e r  s e t .  Some added benefit c a n  be rea l ized  
f r o m  distributing the leakage torques  m o r e  uniformly ove r  all a x e s .  Also 
the dual valve configuration m a y  be made  with a s m a l l e r  t h rus t  c h a m b e r  
volume, and consequent f a s t e r  p r e s s u r e  t r a n s i e n t  r e sponse ,  although i t  is 
debatable whether improved efficiency, a c c u r a c y ,  o r  reproducibil i ty of the 

Reliabil i ty is  identical  according to 
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impulse bit  would resu l t .  
configuration i s  a change in the impulse bit  following a single c losed fai lure .  
A closed fa i lure  in one b ranch  of a quad valve would not a l t e r  the total  th rus t  
produced but would cut in  half the output of a dual valve th rus t e r  couple. 
This charac te r i s t ic  could, however,  be turned to advantage if  i t  w e r e  pos- 
sible to turn off half of the dual t h rus t e r s  a f te r  capsule separat ion,  giving 
the des i r ed  reduced impulse bi t  eas i ly  and conveniently. However,  r e l i -  
ability would have to be v e r y  high in o r d e r  to depend on such mechanizat ion 
since a specific half of the th rus t e r s  in  a t  l eas t  one s y s t e m  would have to be 
operational.  

The g rea t e s t  disadvantage of the dual valve 

A decision on the need for  additional ro l l  control capabili ty c l ea r ly  
is beyond the scope of the present  study since fur ther  de ta i l s  of the main  
propulsion s y s t e m  would need to be known. 

SELECTION O F  THRUST LEVEL 

Selection of r e t r o  rol l  control t h rus t e r  s ize  i s  eas i ly  made  f r o m  con- 
s iderat ion of the impulse bit ,  duration of the event,  and number  of t h rus t e r s  
f i r ing simultaneously.  However,  selection of the att i tude cont ro l /maneuver ing  
t h r u s t e r  s ize  i s  a m o r e  complicated question. 

I t  is  a s s u m e d  that maneuvering t ime requi rements  a r e  flexible enough 
to be sat isf ied by any th rus t e r  with the stated force  range. 
however,  that att i tude control  is to be accomplished by a der ived r a t e  type 
limit cycle  control .  In any limit cycle  operation it i s  evident that opt imum 
fuel economy requ i r e s  a sma l l e r  impulse bit a f t e r  the reduction in  spacecraf t  
moment  of iner t ia  caused  by separat ion of the landing capsule ,  which could be 
accompl ished  by reducing the thrus t  level  o r  by shortening the command 
pulse (o r  both).  
half the t h r u s t e r s  o r  changing the e lec t r ica l  t ime constant i n  the control  
ne two r k. 

It i s  understood, 

In  prac t ice  such a procedure would l ikely m e a n  shutting off 

Alternat ively,  a n  independent s e t  of t h r u s t e r s  could be provided for  
orb i ta l  a t t i tude control .  
f r o m  the tab les  in the appendices,  o r  approximately by compar ison  of Ser ies  1 
and S e r i e s  4 s y s t e m s  in Table 4 .  Such a weight penalty might  be acceptable 
under  c e r t a i n  c i r cums tances ,  but the problems of changing the der ived r a t e  
control  network m u s t  be examined carefully before adding additional t h r u s t e r s  
o r  shutting off a portion of the existing functional t h r u s t e r s .  

The assoc ia ted  weight penalty c a n  be de te rmined  

Any of the above options would require a command d i r ec t  f r o m  ground 
cont ro l  o r  via the capsule separat ion scheme.  
the e l ec t r i ca l  switching function is equivalent in  e i ther  mechanization. 
that  mechan ica l  switching of th roa ts  i n  each t h r u s t e r  is not considered 
because  not only would a l a r g e r  number  of actions be requi red  but a l s o  the 
mechan ica l  a r r a n g e m e n t  would be awkward fo r  c lose coupled valve and nozzle 
a s s e m b l i e s .  

F r o m  a reliabil i ty standpoint 
Note 
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Information to date suggests  that  the smal les t  t h r u s t e r  within the 
specified range would be the b e s t  choice,  most ly  because i t  p e r m i t s  the 
grea tes t  pulse width. Specifically: 

P r o p e r  l imi t  cycle operation r equ i r e s  reproducible pulses  
r a t h e r  than specific control  of r i s e  and decay t i m e s .  This  is  
m ~ s t  eas i ly  a c c n m p l i s h e d  \.vlhen the p d s e s  ;(re l o n a e r  ~ -0 than the 
combined opening and closing t ime of the valves .  

P re l imina ry  analysis  ( s e e  Propel lant  Pe r fo rmance ,  below) 
indicates  that boundary l a y e r  and other  l o s s e s  a r e  not l ikely 
to be an  important  factor  within the specified t h r u s t  range 
and so do not rule out the s m a l l e r  t h r u s t e r s .  

The minimum pulse width requi red  to m e e t  impulse b i t  requi re -  
men t s  is  20 mil l iseconds f o r  0 . 8  lb f ,  about the lower limit f o r  
reproducibil i ty with commerc ia l ly  available valves .  A l a r g e r  
t h r u s t e r  would requi re  a s h o r t e r  pulse and consequently a 
valve type which i s  not available a s  a qualified component.  

I t  is  probably not des i rab le  to employ a t h r u s t e r  s m a l l e r  than 
0 . 0 4  lbf ,  however,  because the throat  m a y  become too small 
fo r  ea sy  fabricat ion.  ( F u r t h e r  de ta i l s  appea r  in the nitrogen 
sys tem ana lys i s .  ) 

PROPELLANT PERFORMANCE 

Calculations have been c a r r i e d  out f o r  ammonia  and ni t rogen using 

Both the ni t rogen and ammonia  r e s u l t s  showed 
both ideal- and r ea l -gas  computer  p r o g r a m s .  
some detai l  in Appendix I .  
v e r y  l i t t le difference between r e a l  and ideal  g a s  models  f o r  each  of the two 
c a s e s  of equilibrium condensation during expansion and supercooling with no 
Condensation. The effect of condensation was  quite slight f o r  ni t rogen,  but 
ammonia ,  having a higher heat of condensation arid a higher condensation 
t empera tu re ,  showed a substantial  i n c r e a s e  (of the o r d e r  of 15 percent)  in  
specific impulse over  the c a s e  of inhibited condensation. 
increase  has  apparent ly  not been noted previously.  The few exper imenta l  
data available would s e r v e  to indicate that a per formance  enhancement  i s  not 
realized in prac t ice  with ammonia  s y s t e m s ,  because of the s h o r t  nozzle 
res idence t i m e s  involved. 

The l a t t e r  is  desc r ibed  in  

Such a theoret ical  

A brief examination of avai lable  theory  indicated boundary l a y e r  l o s s e s  
fo r  both ni t rogen and ammonia  would b e  low f o r  the t h r u s t  l eve l s  involved. 
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INTERFACE C ONSIDE RATIONS 

It  has  not been a task of this study to make  detailed consideration of 
in te r face  problems,  which would requi re  m o r e  specific definition of the other  
vehicle subsys t ems  and s t ruc ture .  I t  i s  c l ea r ,  however,  that the att i tude 
cont ro l /maneuver ing  sys t em m a y  have considerable interact ion with o ther  
than the usual  control  interfaces.  E lec t r ica l  power and the rma l  loads a r e  
specific examples .  

In some c a s e s  i t  may  be des i rab le  o r  even n e c e s s a r y  to integrate  the 
att i tude control  propulsion sys t em with other subsys tems.  
the ammonia  vaporjet ,  which m u s t  be supplied with heat  f r o m  the ma in  pro-  
pulsion o r  r e t r o  engines in  o r d e r  to be competitive in  the l a r g e r  to ta l impulse  
configurations. A second example i s  the dual mode hydrazine sys tem,  which 
m a y  overlap the midcour se  propulsion sys tem in function and components.  

One example i s  

It is  highly des i rab le  that fu r the r  study be applied to interface prob- 
l e m s ,  par t icu lar ly  in connection with experimental  development p r o g r a m s .  

DEVELOPMENT STATUS O F  ELECTROLYSIS CELLS FOR 
ZERO - G APPLICATION 

A su rvey  was  conducted of the field of zero-g  electrolysis  ce l l s ,  

All of the 
because  of the need for  such a component in  the water  o r  hydrazine electrol-  
y s i s  sys t ems .  Details of this effort  a r e  given in Appendix J. 
development effor t  to date ,  with the exception of a Hughes IR&D p r o g r a m ,  
has  been  devoted to separa ted-gas  designs.  
been drawn f r o m  the survey: 

The following conclusions have 

No suitable e lec t ro lys i s  unit producing separated g a s e s  under  
z e r o  gravity conditions has  been found which i s  available as a n  
off-the-shelf i t em.  The prospects  of having such a unit available 
in  the next few yea r s  a r e  relatively good because  of the important  
position such a unit occupies in the integrated life support  s y s t e m s  
curreii t iy Leir ig  developed. 

At  the present  t ime,  the chief compet i tors  in  the field of sepa-  
r a t ed  gas  e lec t ro lys i s  ce l l s  appear  to be Al l i s -Chalmers ,  
G e n e r a l  Elec t r ic  Missi le  and Space Company, and TRW Elec t ro-  
mechanica l  Systems.  The mos t  promis ing  development work for  
the mis s ion  of i n t e re s t  here  is  that of the Al l i s -Chalmers  group. 
Th i s  opinion is  based upon: 

a) The fac t  that  the relatively well developed Genera l  Elec t r ic  
integrated life support  unit has  experienced ser ious  diffi- 
cul t ies  in the t e s t s  conducted thus far. 

b) The considerable  background of A l l i s -Cha lmers  with fuel 
ce l l s  of similar design and with other  e lec t ro lys i s  ce l l s  
employing strong KOH a s  the electrolyte  
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c )  The f a c t  that the Al l i s -Chalmers  design w a s  selected by 
NASA f o r  the follow-on ce l l  in  the integrated l ife support  
sys tem prog ram. 

F o r  the p re sen t  application, there  i s  no incentive to go to  a 
separa ted  g a s  design,  and the mechanical  and design problems 
assoc ia ted  with the development of a n  e lec t ro lys i s  ce l l  produc- 
ing mixed g a s e s  appear  to be l e s s  s e v e r e  than the problems 
assoc ia ted  with producing a separa ted  g a s  sys t em.  
gas  e l ec t ro lys i s  unit would be l e s s  complex mechanical ly  than 
a separa ted  gas  unit and would probably be m o r e  re l iab le .  

A mixed 

Of the separa ted  gas  c e l l s  surveyed h e r e ,  the m o s t  promising 
future development i s  the hydrogen diffusion (Pd-Ag alloy) 
cathode ce l l  a t  Battelle,  which would produce separa ted  g a s e s  
without requiring differential  p r e s s u r e  regulation, and should 
offer significant advantages in  re l iabi l i ty  over  other  separa ted  
gas  designs,  fo r  long-duration miss ions .  

I 

A design life of many y e a r s  without appreciable  de te r iora t ion  
in per formance  a p p e a r s  to  be feasible f o r  the electromechanical  
ce l l  i t se l f .  Limitations on the e l ec t ro lys i s  unit life will prob-  
ably be due to  mechanical  f a i lu re s  of anc i l la ry  equipment.  
Reliability of the e lec t ro lys i s  units can therefore  be es t imated  
f r o m  fa i lure  r a t e s  of the mechanical  components a lone.  

No adequate demonstrat ion of the operat ion of e l e c t r o l y s i s  c e l l s  
under z e r o  gravi ty  conditions has  been made .  
z e r o  gravity t e s t  c a r r i e d  out by the group at  Wright -Pa t te rson  
A i r  F o r c e  Base  was  successfu l .  

A s h o r t  t e r m  

So far a s  i s  known to da t e ,  hydrazine e lec t ro lys i s  has  been 
investigated only in a Hughes in-house p r o g r a m .  

POWER REQUIREMENTS 

All of the sys t ems  would, of c o u r s e ,  r equ i r e  power for  solenoid valve 
These requi rements  have not been t r e a t e d  i n  de ta i l  because  ac tu-  operation. 

ation power i s  highly dependent on r e sponse  t ime and specific valve design. 
The valve design which will r e s u l t  f r o m  5 y e a r s  of additional development 
m a y  not be anticipated in  sufficient de ta i l  to a s s i g n  firm requ i r emen t s .  
e v e r ,  no unusual problems a r e  predicted f o r  typical spacecraf t  power s y s t e m s .  

How- 

The e l ec t ro lys i s  s y s t e m s  a r e  shown to r equ i r e  v e r y  low power in  the 
present  application. The total wat t -hour  requi rement  i s  r a t h e r  l a r g e ,  but 
these sys t ems  fortunately s t o r e  ene rgy  in chemica l  f o r m  and so m a y  employ 
near ly  the en t i r e  t ime per iod of the long mis s ion  in absorbing the total  
requi rements .  The r e su l t  is  an a v e r a g e  power requi rement  of only a few 
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watts.  It is  noted, however,  that  lack of capability f o r  ex t r eme ly  l a rge  
( seve ra l  kilowatt) peak demands r e su l t s  in  a l a rge  s torage  plenum too heavy 
for  the s t ra ight  e lec t ro lys i s  s y s t e m s  to be competit ive for  the present  m i s -  
sion. The dual mode hydrazine sys t em has a much lower  g a s  s torage  
requi rement  and i s  completely acceptable .  
amount  of t he rma l  energy  which m a y  not be supplied by the spacecraf t  heat  
ord inar i ly  re jected to space by the rma l  control p rocesses .  
s chemes  may  be proposed, one of which requi res  the propellant tank to be 
maintained at a controlled t e m p e r a t u r e  near  200'F. F o r  a n  insulated tank, 
this m a y  be accomplished by only a few watts of e l ec t r i ca l  energy  since there  
i s  a lways a long t ime fo r  t empera tu re  recovery between m a j o r  steady s ta te  
thrusting per iods.  
however,  would amount  to seve ra l  kilowatts, a s  in the e lec t ro lys i s  sys t ems .  
The only feasible  way to supply these la rge  peak loads i s  by ba t t e r i e s  which 
a r e  too heavy to be of i n t e re s t .  

The vapor je t s  requi re  a l a rge  

Two al ternat ive 

E lec t r i ca l  power on demands fo r  peak t h e r m a l  loads ,  

HANDLING PROBLEMS AND HAZARDS 

The s y s t e m s  considered h e r e  offer few new o r  unusual handling 
p rob lems  o r  hazards .  Table 6 summar izes  the anticipated problem a r e a s .  

In addition to the p rob lems  indicated in  the table ,  a l l  of the s y s t e m s  
considered h e r e  sha re  two fur ther  possible problem a r e a s :  

1) Par t icu la te  impur i t ies  m u s t  be careful ly  controlled to provide 
a s s u r a n c e  that the s y s t e m  valves will opera te  a s  expected 
throughout the miss ion .  

2) If s ter i l izat ion of the s y s t e m  i s  requi red ,  fur ther  experimental  
work  on a l l  s y s t e m s  (with the possible exception of the nitrogen 
cold g a s  sys tem)  would be required to demonst ra te  s y s t e m  
tolerance to the s ter i l izat ion procedure.  

The p res su r i zed  g a s  sys t ems ,  the vaporizing 1iq.uid sys t ems ,  and 
pcssibly the hydrazine pienum s y s t e m  will contain g a s e s  under  p r e s s u r e s  
high enough to be hazardous if a b u r s t  should occur  in the flight weight tank- 
age .  No difficult ies due to l imitat ions of the compatibility of ma te r i a l s  of 
construct ion with the propellant a r e  anticipated for  any of the p re s su r i zed  
g a s e s  cons idered .  
d i rec t ly  to ammonia  o r  other  vaporizing liquids would requi re  investigation. 

The choice of ma te r i a l  for  e lec t r ica l  hea t e r s  exposed 

Ammonia  and propane will burn  in  a i r  or  other  ox id izers ;  o rd inary  
precaut ions employed f o r  handling f lammable gases  should be employed. 

While s y s t e m s  employing hydrazine a s  a propellant p re sen t  a few 
additional p r o b l e m s  due to the toxicity and flammabili ty of this  propellant,  
a l a r g e  background of experience with hydrazine a s  a propellant is avai lable .  
The s y s t e m s  considered h e r e  a r e  expected to be relat ively easy  to handle in 
compar i son  with bipropellant combinations employing hydrazine a s  a fuel. 
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F u r t h e r  experimental  work i s  required to evaluate the effects of 
e lectrolytes  in the hydrazine which might be employed in. e lec t ro lys i s  ce l l s .  
T h r e e  topics a r e  of par t icu lar  in te res t :  

The effects on ma te r i a l s  of construction during vehicle p repa ra -  
tion, including s ter i l izat ion if  requi red ,  and the long per iod of 
inte rplane ta r y  t r ans i t  . 
The effects that m a y  occur  near  the end of the useful l ife of the 
att i tude control  sys tem,  when the concentration of the e lec t ro-  
lyte becomes  v e r y  high a s  the l a s t  remaining hydrazine i s  
e lectrolyzed.  

The effects, i f  any,  of added electrolytes  on the pe r fo rmance  
of the catalytic t h rus t e r s .  

When considering the employment  of hydrazine in any  att i tude control  
sys t em,  it should be noted that the specification to which hydrazine i s  no r -  
ma l ly  produced (MIL-P- 26536) is quite tolerant of both par t iculate  and d is -  
solved impur i t i e s  in  the hydrazine.  
m a y  be suscept ible  to the effects  of particulate impur i t ies  ( such  a s  the low 
th rus t  g a s  j e t s  considered here)  o r  dissolved impur i t ies  (such a s  e lec t ro lys i s  
ce l l  s y s t e m s ) ,  the quality of the hydrazine employed should be evaluated. 

In experimental  work with s y s t e m s  that 

The' w a t e r  e lec t ro lys i s  s y s t e m  will probably uti l ize a dilute a lkal i  o r  
ac id  a s  the electrolyte;  simple precautions during sys t em servicing should 
be sufficient to protect  both spacecraf t  and personnel .  Mater ia l s  compati-  
bil i ty p rob lems  a r e  not expected, with the possible exception of exposure  a t  
t e m p e r a t u r e s  nea r  the boiling point of water  (such a s  the t e m p e r a t u r e s  
n e c e s s a r y  fo r  vehicle s ter i l izat ion by heat if this i s  required) .  
work  would be required to de te rmine  the behavior of the e lec t ro lys i s  ce l l  as  
the supply of w a t e r  is exhausted and to determine whether  any hazard  to the 
spacecraf t  ex i s t s  under  these conditions. 

Exper imenta l  

35 



5. RECOMMENDATIONS 

Of the s y s t e m s  examined in  this study, the hydrazine catalytic 

I plenum, the dual mode hydrazine,  and the vaporizing liquid s y s t e m s  a r e  
ve ry  a t t rac t ive  in  weight and potential reliability. None of the th ree ,  how- 
e v e r ,  is  adequately developed for  immediate  application. Specific sugges - 
tions fo r  future  work  a r e :  

Hvdrazine Catalvtic Plenum 

1) F u r t h e r  study of prototype sys tems.  

2) Hot gas  valve development if required.  

3 )  Gas  genera tor  design fo r  minimization of ammonia  and residual  
hydrazine.  

4) Investigation of effects of impuri t ies  on catalyst  per formance  
and improvement  of the specification for  hydrazine.  

Vaoorizine Liauid Svstem 

1) Analysis of low gravi ty  heat exchangers and control of liquid 
ullage for  condensable vapors .  

2) Study of heat  utilization from- main o r  r e t r e  engines. 

3) F u r t h e r  analysis  and experimental  study of prototype sys t ems .  

4) S e a r c h  for  a l te rna te  propellants which could reduce sys t em 
weight. 

Dual Mode Hydrazine Sys tem 

1) Study of e lectrolysis  p rocess  with par t icu lar  attention to e lec-  
t ro ly tes  and compatibility with mater ia l s  of construction. 

2) Analysis  of gas  and liquid venting devices under  z e r o  gravi ty .  

3 )  Study of experimental  prototype sys tem.  
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Cold Gas 

Although not identified a s  having weight o r  reliabil i ty advantages 
compared with the potential capability of the above sys t ems ,  cold gas  i s  
l ikely to r ema in  of i n t e r e s t  for  many y e a r s  because  i t  will  continue to 
deliver the highest  reliabil i ty at lowest cost  f o r  p r o g r a m s  which r equ i r e  a 
very  short  development t ime.  
concerted effor t  to find the bes t  cold gas  propellant has  been undertaken. 
It is suggested that  a t  l ea s t  a modera t e  effort  be made  to find a propellant 
bet ter  than nitrogen, argon,  o r  F r e o n  14. 

Despite many yea r s  of u se  ii a p p e a r s  that R G  I 

I Gene r a1 Re commendat ions 

In addition to the recommendat ions on specific sys t ems ,  the following 
suggestions fo r  m o r e  genera l  study a r e  made :  

Study of sys t em interface problems.  
noted that timing of events i n  the mis s ion  sequence could have a 
very  significant effect on required tank ullage,  t h e r m a l  demand,  
and other  fac tors  that  ult imately affect s y s t e m  weight. 
example,  the s y s t e m s  without added rol l  control w e r e  requi red  
to  provide 500 lb f - sec  ju s t  before r e t ro .  This  impulse  bit 
proved to be a cr i t i ca l  design constraint ,  result ing i n  penalty to 
the vaporjet  and both e lec t ro lys i s  sys t ems .  F o r  those s y s t e m s ,  
total  weight could have been reduced considerably by slight 
modification of the flight sequence. 

During the study it was  

F o r  

Historically,  i t  frequently has  been t r u e  that propulsion r equ i r e -  
men t s  have been establ ished according to constraints  , somet imes  
a r b i t r a r y ,  exerc ised  by other  subsys tems;  the c u r r e n t  t rend  
toward ea r ly  and detailed tradeoff analyses  during the s y s t e m  
definition p rocess  is tending to  improve  this si tuation. 
present  study might prove to be a case  in  which propulsion 
problems could be significantly mit igated by design compromises  
a t  an ea r ly  s tage in  development.  

The  

Exper imenta l  study of dual and quad va lves ,  with specif ic  a t ten-  
tion to interact ions between the nominally independent e lements .  
The possibil i ty of quad redundant regula tors  a l so  m e r i t s  
attention. 

Updating of experimental  da ta  on post-fl ight acceptance t e s t  
reliabil i ty of valves .  

Study of effects of contaminant  pa r t i c l e s  of known s i ze ,  shape ,  
and hardness  on both h a r d  and soft  s e a t  valves .  
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5) Measurement  of propellant per formance  over the thrus t  range of 
i n t e re s t ,  with specif ic  attention to producing and measu r ing  the 
e f fec ts  of condensation in the nozzle. Equilibrium calculations 
show a substantial  per formance  gain might be possible ,  specifi-  
cally 15 percent  fo r  ammonia ,  but i t  i s  not cer ta in  that conden- 
sation in  the nozzle actually has been induced in any of the few 
repor ted  experimental  p rog rams .  
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APPENDIX A. RELIABILITY 

I N  'TRODUCT ION 

Reliabil i ty is a key factor in the present  study. As a preface to the 
presentat ion of the assumpt ions  and resu l t s ,  some  genera l  d i scuss ion  of 
re l iabi l i ty  analysis  i s  g iven .  

The  m a j o r  functions of re l iabi l i ty  analysis a r e :  

1) Design improvements:  Strengthening weakest  links and pointing 
out trouble a r e a s .  

2 )  Comparison:  Given Sys tem A and Sys tem By determining the 
m o r  e re l iable .  

3 )  Prediction: Finding the probability of completing the miss ion .  

The validity of such conclusions concerning a s y s t e m  mus t  finally r e s t  upon 
the application, number ,  and rel iabi l i t ies  of the component par t s .  If the 
re l iab i l i t i es  of the components w e r e  known as  a function of t ime for  a given 
se t  of conditions (e .  g. , t empera ture ,  e lec t r ica l  s t r e s s ) ,  the composi te  
re l iabi l i ty  of t hese  components could be found through use  of s tandard se t  
theore t ica l  probability. Thus,  the problem effectively reduces  to finding the 
re l iab i l i t i es  of the components.  

Component fa i lures  m a y  be divided into two ma in  categories:  

1 )  Wearout  fa i lures .  
of ma te r i a l ,  or  fatigue due to a l a rge  number of operations,  
dis t r ibut ion of fa i lures  due to wearout i s  usually the n o r m a l  o r  
gauss ian  distribution, whose mean  and var iance m a y  be  est imated 
f r o m  t e s t  of a re la t ively s m a l l  sample.  
cyc les  of operat ion f o r  a mi s s ion  i s  usually known, i t  i s  ea sy  to 
d e t e r m i n e  whether the probability of wearout  i s  significant. 
re l iabi l i ty  design pract ice  should ensu re  that every effort  has  
b e e n  made  to reduce this probability to a point at which it i s  
insignif icant  compared  with other f ac to r s .  Thus the assumpt ion  
i s  m a d e  i n  the r ema inde r  of this r epor t  that  r e s i s t ance  to  w e a r -  
out has  been designed in  and wearout will be negligible. 

These  a r e  fa i lures  due to a gradual  depletion 
The 

Since the  number of 

Good 
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2 )  Random o r  t ime  independent f a i lu re s .  Often component f a i lu re s  
occur  that cannot be  attr ibuted to gradual  depletion of m a t e r i a l  
o r  fatigue but a r e  due to specific causes  and combinations of 
events whose occurrence  cannot be  predicted as a function of 
t ime.  

DiiIerei i t  coL~Lpoi;ent  types  hacTe h n - m  LIL-c .,LIIvvvl. c h f i T T 7 m  tc d i s p l a y  d i f fe reR? 

deg rees  of susceptibil i t ies to such f a i lu re s ,  and hence the concept of f a i l u r e  
r a t e  has been introduced as  a quantitative expression of such tendencies .  In 
mathemat ica l  t e r m s ,  the probability dis t r ibut ion of t ime  to f a i lu re  of a p a r t  
with constant failure r a t e  i s  given by p( t )  = Ie-Xt,  where  the f a i lu re  r a t e  X 
m a y  be s ta t i s t ica l ly  es t imated by an experiment  wherein n p a r t s  a r e  placed 
on l ife t e s t  and fa i lure  t imes  noted: 

number of f a i lu re s  observcd x =  total  successful  pa r t  hours  on t e s t  

Thus the assuniption of the exponential distribution fur ther  reduces  the 
probleni to  ass ignment  of a p a r t  f a i lu re  r a t e  for a given component in  a 
given application. 

A s  components become n iore  r e l i ab lc ,  component life t e s t s  br\coine 
l e s s  feas ib le ,  and t ru ly  good fa i lure  r a t e  data  a r e  usually not available.  
Fu r the r  complicating the probleni i s  thtx f ac t  that  the effect of a component 
f a i lu re  on a systeni may  depend grea t ly  on the mode of f a i lu re  (e .  g . ,  c losed 
or open fo r  a valve). 
nent failure r a t e  but to  apportion that fa i lure  r a t e  among thc> different f a i lu re  
m o d  e s . 

Thus,  i t  is  impor tan t  not nit.rcly t o  es t imate  the  conipo-  

THE G E N E R A L  SYSTEM MODEL':: 

The  reliabil i ty a s s e s s m e n t  o f  the  configurations in  question \vas 
conducted by f i r s t  setting up a genera l  systeni  model.  

R e dund ant Sv s t e m 

F o r  a redundant systeni  (dual plenuni),  f a i lu re s  mus t  be grouped 
into four categories:  

1 )  Cr i t i ca l  f a i lu re s  - Cause  mis s ion  f a i lu re  even though a redundant 
plenum i s  availablc - e.  g.  , tank b u r s t .  

2 )  Major open f a i lu re s  - F a i l  one plenuni bt.cause of l o s s  of 
pro pc l lant.  

.!, -0- 

Not<:: F o r  this tliscussion a "valvct" i s  t hc  f ina l  produc.t, 
the  fac t  that  i t  niay be intclrnally rcdtindant. 

notwithstanding 
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3) Major closed f a i lu re s  - Fa i l  one plenum because  of inability t o  
operate;  however,  sys t em rema ins  pressur ized .  

Valve 
Closed 

- 

4) Spec ia l -  not always one of the above. Requires  spec ia l  
modeling - e. g. , solenoid valves in the closed position. 

Valve 
- Closed 

If RMO is the probability that no major  open fa i lure  occur s  in a 
given plenum, and RMC i s  the probability that no major  closed fa i lure  
occur s  in  a given sys tem,  and RC i s  the probability that no c r i t i ca l  fa i lure  
occur s ,  the total  dual plenum s y s t e m  reliabil i ty may be der ived a s  the sum 
of the probabili t ies of the following mutually exclusive events (assuming 
there  a r e  n control  valves per plenum): 

I 

Cri t ica l  
Fa i lu re s  - 

Plenum ( 2 )  

1) No ma jo r  fa i lure  occur s  in either plenum 

2 2 
P(’) = RMO RMC 

-... - - 

- Valve Valve 

The  rel iabi l i ty  block d i ag ram i s  then: 

Closed 

n 

Closed 

F a i l u r e s  
P lenum ( 1 ) 

If the plus yaw jet  fa i ls  closed in plenum ( l ) ,  the plus yaw j e t  i n  
plenum ( 2 )  can be used, and s o  for the other n -1  functions. 
Hence the rel iabi l i ty  equation f o r  the above configuration i s :  

2 
R ( l )  = RC ( 1  - (1  - RVC)2)n  

where  RVC is the reliabil i ty of a single valve in the closed mode.  

2 )  A m a j o r  open fa i lure  occurs  in  one plenum, and a c r i t i ca l  fa i lure  
has not o c c u r r e d  previously i n  that plenum. 

R )  2X MO 
R ~ ~ R ~ ~ ( l  - R ~ ~ R ~ ~  c 

“MC 
P(2 )  = X c  f X 

MO 
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The rel iabi l i ty  block d i ag ram i s  

Cri t ical  Modes - Cri t ica l  Modes - 
Plenum (1) P lenum ( 2 )  

n 
& 

..........e. 
Cri t ica l  Modes 

(Remaining Plenum)  Closed Closed 

Valve 
Closed 

. . . . . . . 

and the equation is:: 

n 
RVC R(2)  = RC 

3) A m a j o r  closed fa i lure  occur s  in  one plenum 

2 1  M, 

The rel iabi l i ty  block d i a g r a m  i s  

2 n 
R(3) = RC RVC 

4) Major fa i lures  occur in  both plenums 

2 
P(4) = ( 1  - RMoRMC) 

R(4) = 0 

Valve 
Close 

::: 
This  formula  accounts for the f ac t  that  f a i l u r e  in  the closed position a f te r  
failure in  the open position has  no effect ,  and vice v e r s a .  
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The total  re l iabi l i ty  i s  then 

2XM, - 
R )R R I' 

v 
t 'C 'MO 'MC R ~ ~ R ~ ~ ( l  - R ~ ~ R ~ ~  c c v c  

T h e  above m u s t  be  modified for ce r t a in  special  si tuations.  An 
example i s  the c a s e  in  which a valve fai ls  in  the full open posi-  
tion. 
could be c r i t i ca l .  

If this  happens at an ear ly  stage in  the miss ion ,  the fa i lure  
This phenomenon w i l l  now be considered.  

Derivation of Cr i t ica l  T ime ,  T,, for Dual P lenum System 

Cons ider  a s y s t e m  composed of two subsys tems,  each  consisting of 
one tank, one "positive" valve, and one "negative" valve: 

Y Y  

+ +  
Suppo s e : 

1) 

3) 

Each  subsys tem contains a total impulse of Io - exactly that  
r equ i r ed  to complete  the mission. 

Both positive and/or  both negative valves a r e  commanded by  
the s a m e  signal. 

F u e l  consumption i s  balanced between the two tanks.  
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If a full open f a i lu re  occur s  a t  a t i m e  when total  impulse  I has  been used ,  
the  following will  take place ( a s s u m e  for  definiteness that the  fa i lure  o c c u r r e d  
in  th rus t e r  

1) 

4) 

A+) : 

T h r u s t e r s  A- and B- will  be  actuated by limit cycle  control ,  
each  a t  half the effective b i t  r a t e  of t h rus t e r  At. 
a r e  equai and opposite. 

Tota l  impu l ses  

(Io - 1 / 2 )  w i l l  be  expended f r o m  tank A ( a l l  the remain ing  fue l ) .  

1 / 3 ( I p  - I / Z )  will  be used f r o m  tank B to counter this force  and 
thus 2 /3 (10  - I / 2 )  i s  remaining to  complete  the mis s ion .  

(Io - I) i s  requi red  to  complete  the miss ion .  

The defining relat ion is: 

I - i r : 2 / 3 ( 1  - 1 / 2 )  for success  , 
0 0 

o r  

I 5 I 0 / 2  

Let  

Then, if full  open fa i lure  o c c u r s  beforc  IC i s  used,  mi s s ion  f a i lu re  rt .sults.  
In this  way, T c  i s  defined a s  that t inie when IC impulse  has been used  froill 
the ni iss ion profile. In the present  ins tance ,  T, - 133. 5 days  ( 3 2 0 4  h o u r s ) .  

It mus t  be noted that the assuinpt ion of equal  fuel  consuinption iiiiplics 
The effects  of c losed f a i lu re s  on the compu-  no fa i lures  in  a c losed position. 

tation would be a s  follows (assuming At failed full open):  

1) If A- fa i ls ,  a l l  o f  fuel  i n  B would b e  used ,  resi.ilting in iiiission 
fai lure .  

2 )  If Bt fa i ls ,  a l l  ( t) capabi l i ty  would be lost .  

3) If B- fa i ls ,  a l l  ( - )  capabi l i ty  would bt. lost ,  resu l t ing  in  mi s s ion  
fai lure .  

Cases  L and 3, however,  a r e  a l r eady  accorintctd for  in  the niodt.1 
of  "valve group" rel iabi l i ty .  
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Case  1 r equ i r e s  a dual fa i lure .  The probabili ty that this does 
not occur i s  (1 - ( 1  - RVF(M)( l  - RVC(M)) .  This  dual fa i lure  
i s  considered in the reliabil i ty fo rmulas  l a t e r  i n  this  appendix 
( see  The Genera l  Reliabil i ty Formula) .  

The Single Svs tem 

The  rel iabi l i ty  block d i ag ram of the single s y s t e m  is s imply  

and the rel iabi l i ty  equation i s  

n 
R C '  RMC RMO ' RVC 

Effects of Component Fa i lu re  Rate  Ranges on Sys t em Reliabil i ty 

Although i t  is des i rab le  to es t imate  the fa i lure  r a t e  a s  accurately a s  
possible,  the r e s u l t  often has  l e s s  precision than des i r ed  and it i s  important  
to a s s e s s  the effect of a fa i lure  r a t e  assumption. 
nent re l iabi l i ty  values ex is t s ,  t he re  a r e  seve ra l  approaches  to the rel iabi l i ty  
evaluation, among which a re :  

If uncertainty in  the compo- 

1) The  Monte Car lo  Analysis - A  computer  i s  p rog rammed  to 
"choose" samples  of component fa i lure  r a t e s  f r o m  probability 
dis t r ibut ions placed upon these fa i lure  r a t e s .  A s y s t e m  re l i a -  
bil i ty number i s  then computed for  each "set"  of fa i lure  r a t e s  
chosen. This  p rocess  is repeated s e v e r a l  hundred t imes ,  the 
r e s u l t  being a probability distribution. on the s y s t e m  reliabil i ty.  

2 )  E x t r e m e s  Analysis - Lower and upper re l iabi l i ty  l imi t s  a r e  
de t e rmined  for  each component. The  lower l imit  on s y s t e m  
rel iabi l i ty  i s  then computed using lower l imi t s  for  component 
re l iab i l i t i es ,  and the upper limit on s y s t e m  rel iabi l i ty  i s  cornr 
puted using upper l imits  on component re l iabi l i t ies .  
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Both the above methods w i l l  be sufficient to yield the following types 
of information: 

1) Compar ison  between different sys t ems  at  var ious  s tages  of 
development.  
bi l i ty  while an older  sys tem may ,  i n  fact ,  have a be t t e r  chance 

available.  

A new sys t em may  have g r e a t e r  achievable r e l i a -  

. .  of pr=-v~:d:cg a c c e p t a b ! ~  re!iabi!ity g i ~ ~ r e r ,  t h e  Cl,ex,rPlonrn en t  tim e r--- - - - -  

2 )  Determinat ion of the optimum configuration. The number of 
weak o r  unknown components m a y  be  minimized  by p rope r  
application of redundancy. 

The  method to be  used  h e r e  wil l  be the s imple r  e x t r e m e s  ana lys i s .  
The  r e s u l t  w i l l  be a useful  range  of sys t em re l iab i l i t i es  that  w i l l  point out 
the sensit ivity of subsys tem rel iabi l i ty  value to the unit re l iab i l i ty  a s s u m p -  
t ions.  The procedure  is mos t  valuable f o r  compar ison  of s y s t e m s ,  because  
s o m e  sys t ems  a r e  l e s s  sensi t ive to changes in  unit fa i lure  r a t e s  than o the r s ,  
and the method adequately r e f l ec t s  the fact  that  some uncertainty does  exis t .  

RELIABILITIES O F  QUAD AND DUAL VALVES 

Quad and dual valve configurations may  provide i n c r e a s e d  redundancy 
but a lso introduce additional fa i lure  modes through inc reased  complexity.  
The method of ana lys i s  of t hese  components follows. 

Dual Valves (assuming independence of f a i lu re s )  

Closed Mode 

F o r  fa i lure  i n  the closed mode,  only one of the two need fail.  Thus ,  
if RVC i s  the  rel iabi l i ty  of a single valve,  re l iabi l i ty  in the closed mode  i s :  

2 
DRVC = RVC 

Open Mode (i. e. , leak or  full  open) 

F o r  fa i lure  in  the open posit ion,  both s ingle  val res m u s t  fail.  Thus ,  
i f  R V O  is  the rel iabi l i ty  of a single valve i n  the open mode ,  the re l iab i l i ty  
of a dual valve i n  the open mode  is:  

2 
v 0 )  

= 1 - ( 1 - R  DRVO 
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Ful l  Open Mode 

F o r  fa i lure  in  the full open mode, both single valves mus t  fail in  the 
full open position. 
full open mode, the reliabil i ty of a dual valve i n  the full open mode  is: 

Thus,  i f  RVF i s  the reliabil i ty of a single valve in  the 

Leak Mode 

A f a i lu re  in  the leak mode i s  defined a s  any open fai lure  which i s  not 
' a full open fai lure .  

re l iabi l i ty  of a dual valve in  the leak mode is: 
Thus, i f  RVF and RVQ a r e  a s  defined above, the 

2 
D ~ V L  = 1 - ( l - R  vo ) t ( l  - R V F ) '  

Quad Valves 

If the reliabil i ty of the th rus t e r  is 1 . 0 0 0 0 ,  since only a nozzle is 
requi red ,  a quad valve package would have a reliabil i ty equivalent to that of 
two dual valves  in para l le l ,  providing redundancy for the closed mode but 
operating in s e r i e s  for  the open mode. 

Then: 

- l - ( l - R V C )  2 2  
QRVC - 

-I 2 

Correc t ion  for  Non-Independence of Fa i lures  

The  preceding analysis assumed independence of fa i lures .  This  
assumption s e e m s  reasonable ,  given proper  selection of ma te r i a l s  and 
f i l t ra t ion.  In  addition, representa t ives  of the Valcor Company repor ted  i n  a 
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presentat ion to Hughes, that  in their  experience with over 1200 quad valves 
the re  was no instance of non-independent fa i lure .  Nevertheless ,  for  the 
sake of comple teness  and a s  recognition of the possibil i ty that  fur ther  inves-  
tigation m a y  r evea l  the existence of non-independent fa i lure  modes,  a r e l i a -  
bil i ty fo rmula  for such a case  i s  given below. 

It m a y  be  a s sumed  that the non-independence r e f e r s  only to the two 
valves in s e r i e s  with each other and that the para l le l  b ranches  a r e  s t i l l  
independent. Thus,  the reliabil i ty formulas for 
closed modes ,  need not be al tered.  

and *RVC, i.e.,  the DRVC 

If 1 - RVN is the probability of a non-independent fa i lure  in  the 
open mode,  

then: 

It is believed that this  i s  the only change that need be  considered.  
It should be noticed that R i s  a c r i t i ca l  p a r a m e t e r  a s  i t  appears  i n  the 
above express ion  to the fourt  vp’Jn power. 

DERIVATION O F  COMPONENT FAILURE RATES 

To  c o m p a r e  the relat ive rel iabi l i t ies  of a s e r i e s  of sys t ems  that a r e  
to be launched some  yea r s  in  the future  and a r e  composed of a number of 
components yet to be fully developed, it i s  n e c e s s a r y  to develop a consistent 
methodology fo r  ass ignment  of component fa i lure  r a t e s  a s  a function of t ime,  
In th i s  ana lys i s ,  component re l iabi l i t ies  were  predicted f r o m  1) generic  pa r t  
faill-1-re rate,  2 )  technical problei-ris involved in  the specific application, and 
3 )  development  t i m e  available. These  quantit ies a r e  to b e  re la ted  a s  shown 
in F i g u r e  A- 1,  in  which L is the lowest published fa i lure  r a t e  of the generic  
type, U i s  t h e  g rea t e s t  published fai lure  ra te  of the generic  type, and Xu i s  
a function of the technical  problems associated with the application. The  
value of such  a t r ea tmen t  i s  that  i t  allows comparison,  i n  a consistent and 
quantitative m a n n e r ,  of s y s t e m s  differing in constitution and degree of 
development  . 
The  Method 

Gener i c  P a r t  Fa i lu re  Rate  Range 

T h e  r andom catastrophic  fa i lure  r a t e  of a given component in  a 
specif ic  application can  be said to be known only af ter  actual operational 
da t a  have b e e n  gathered on identical  components in  identical  environments.  
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Even aside f r o m  s t a t i s t i ca l  considerat ions,  a s  soon a s  any of the c h a r a c t e r -  
i s t i c s  of e i ther  the device o r  application a r e  changed, s o m e  uncer ta in ty  must. 
ex i s t  a s  to the actual  resu l tan t  f a i l u r e  r a t e ,  and thus the ass ignment  of a 
single fa i lure  r a t e  to a new component i n  a given application would be  inade-  
quate without some  s ta tement  of the uncertainty involved. In the p re sen t  
ana lys i s ,  the min imum and maximum gener ic  fa i lure  r a t e s  for a component 
Were defined as  fG!!=ws: 

1) Minimum - The minimum fa i lure  r a t e  wi l l  be the inherent  f a i lu re  
r a t e  of the component given that all  design problems have been 
solved. The minimum fa i lure  r a t e  will  thus be the s a m e  for  a l l  
p a r t s  of a par t icu lar  gener ic  type r e g a r d l e s s  of the application. 
The underlying assumption i s  that, given suff ic ient  effor t ,  any 
problems connected with the application can be "designed out. I '  

The s y s t e m  rel iabi l i ty  computed f r o m  the minimum fa i lu re  r a t e s  
w i l l  thus  r e p r e s e n t  the inherent  o r  u l t imate  possible  re l iab i l i ty  
of the sys t em.  

2 )  Maximum - The maximum fa i lure  r a t e  for  a gener ic  type r e p r e -  
s en t s  the wors t  tha t  could be  expected of a component that  has  
had sufficient development to be cons idered  approved for flight 
and the re fo re  i s  a n  acceptable  device fo r  the application. 

The max imum gener ic  pa r t  fa i lure  r a t e  for  the type r e p r e s e n t s  
the w o r s t  that  would be  expected under the l ea s t  favorable  appl ica-  
t ion considered.  
c h a r a c t e r i s t i c s  of the pa r t i cu la r  application. 

This  max imum w i l l  be  l a t e r  adjusted t o  include 

A l i t e r a t u r e  s e a r c h  on re l iab i l i ty  da t a  of att i tude cont ro l  sys t ems  
indicate  that the Avco rel iabi l i ty  f a i lu re  r a t e  handbook':: a t  this  
t ime  contains the m o s t  reasonable  and complete  range  of gener ic  
fa i lure  r a t e s  available.  
l ished in  that sou rce  w e r e  used  a s  the m i n i m a  and m a x i m a  for 
this  study. 

The lower l imi t s  and upper  l imi t s  pub- 

Quantification o'f Level  of Technica l  Difficulty 

The  technical  problems involved i n  producing an  acceptable  device 
w e r e  quantified through engineering judgment by m e a n s  of the f a i lu re  modes  
and effects ana lyses  presented  l a t e r  in  th i s  appendix ( s e e  F a i l u r e  Modes and 
Effects Analys e s ) . 

Each  problem encountered f o r  the component  i n  quest ion w i l l  be 
assigned a number 1 to 5 depending on the d e g r e e  of technical  chal lenge 
presented (5  f o r  g r e a t e s t  chal lenge) .  
each  component and wi l l  be designated by Qi. The  values  of Qi w i l l  be 

The  total  w i l l  then be computed fo r  

.b -8% 

D. R. E a r l e s  and M. F. Eddins ,  Avco Rel iab i l i ty  Engineer ing Data  S e r i e s ,  
Fa i lure  Ra te s ,  Apri l  1962. 
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compared  for  components of the s a m e  type, but in  the var ious s y s t e m s  
considered,  the l a rges t  Qi thus found w i l l  be designated QMAX and a r e l a -  
t ive index of difficulty m a y  be assigned to the i ( th )  component of the type a s  
Q ~ / Q M A x .  
example,  m a y  be compared  with the solenoid valves in  a hydrazine s y s t e m  
a s  to deg ree  of difficulty of producing a re l iable  product. 

In this  m a n n e r ,  the solenoid valves in a nitrogen sys t em,  for  

Q ~ / Q M A x  w i l l  then be used  to determine a re la t ive value of maximum 
fa i lure  r a t e  of the component i n  i t s  application (with the understanding that 
only preflight development has  taken place) according to the following model:  

Le t  L denote the lower limit generic fa i lure  r a t e  for the type and 
U the upper limit. Then  the following constraints  will prevail: 

1) No component will  have a "maximum" fa i lure  r a t e  l e s s  than 
2L; i. e . ,  t he re  i s  always a var iabi l i ty  of a t  l ea s t  a factor  of 
two within inherent  fa i lure  r a t e s  of components in  a given 
application. 

I 

2 )  No component will have a maximum fa i lure  r a t e  g rea t e r  than U. 

3)  The inc rease  over and above 2L will  be direct ly  proportional to 
Qi, the re la t ive  index of technical difficulty. 

The  above a s s u m e  that the total  fa i lure  r a t e  of the component i s  equal to the 
inherent  f a i lu re  r a t e  plus a contribution f rom each possible problem a rea .  

The  component fa i lure  r a t e  maximum for  a given pa r t  i n  i t s  applica- 
tion will then be  computed according to 

(U - 2 L )  *i = 2 L t  
XU *MAX 

= 2L(1 - Qi/O ) 4- Qi/QMAXT"T -MAX i l i  

where  L is the lower limit on fa i lure  r a t e  f o r  the generic  type, U i s  the 
upper  limit on  fa i lure  r a t e  for the gener ic  type, and Qi i s  the sum of the  
points awarded  for  technical difficulty of this application by the fa i lure  modes  
and effects analysis .  
nents  of this type among the sys t ems  considered. 

QMAX i s  the l a rges t  value of Qi found for  the compo- 

T h e  component fa i lure  r a t e  minimum for  a given pa r t  in  i t s  application 
wil l  be defined a s  

X L  = L 
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Quantification of Development Effort  

Reliability growth in  t e r m s  of f a i lu re  r a t e  d e c r e a s e  m a y  reasonably 
be assumed to  follow an exponential expression of the f o r m  

-KT X(T) = X o  t Ale (3) 
I 

where  T indicates the level  of development effort expended. 

Since it has  been postulated that XL,  corresponding to the maximum 
inherent reliabil i ty,  should not be a function of development effort ,  the 
dec rease  of maximum fa i lure  r a t e  with development will  be considered here .  I 

The fa i lure  maximum f o r  a component in a given application with I 
development t ime T will be given by 

A (T)  = 2 L  t ( X u  - 2L)e  -KT 
U (4) 

where  L i s  the lower l imit  generic fa i lure  r a t e ,  Xu i s  given by Equation 1, 
and T is the t ime in  yea r s  between the date  a t  which the f i r s t  flight ha rdware  
would be available and 1 January  1973, the date for which the fa i lure  r a t e s  
a r e  predicted. 

The p a r a m e t e r  K was chosen by assuming that 80 percent  of all technical  
problems would be solved within 5 y e a r s  f r o m  the f i r s t  flight ha rdware ;  i. e .  , 
e-5K = 0. 2 ,  or  K = 0. 321. 
ence; e. g. , the extensive rel iabi l i ty  da ta  for Fa lcon  m i s s i l e s  a g r e e  wel l  
with this t rea tment .  

Selection of this  value i s  i n  acco rd  with exper i -  

It i s  seen  f r o m  Equation 4 that 

h U ( 0 )  = U 

Xu(co)  = 2L 

FAILURE MODES AND E F F E C T S  ANALYSES 

Fa i lu re  modes  and effects ana lyses  a r e  presented  in  Tables  A - 1  
through A-5 for the e lec t ro lys i s ,  ni t rogen,  hydrazine plenum, ammonia ,  and 
liquid hydrazine sys t ems .  
t ically.  
the liquid portion has  a s epa ra t e  fa i lure  mode  analysis .  

The  two e lec t ro lys i s  s y s t e m s  a r e  t r ea t ed  iden- 
As the dual hydrazine s y s t e m  is pa r t  e l ec t ro lys i s  and p a r t  liquid, 

L 
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The analyses  give for  each fa i lure  mode the probable causes ,  the 
probable effects,  and es t imates  of re la t ive likelihood (A highest ,  E lowest)  
and degree  of technical challenge (5 highest, 1 lowest) .  In addition, an 
es t imate  i s  given of the total  number of yea r s  of development af ter  the f i r s t  
flight ha rdware  possible by 1972, the assumed cutoff date for decisions 
re la ted  to this  study. 

FAILURE RATE ASSESSMENT 

The  method presented in  the preceding anal rsis was  used to der ive  
the se t  of fa i lure  r a t e s  i n  Table  A-6.  
work sheets  u sed  for  deriving these fai lure  r a t e s  to enable examination of 
judgements and assumpt ions  made .  
column is defined as the ea r l i e s t  date a t  which flight ha rdware  was o r  could 
be available but not necessa r i ly  actually flown. 
indicates that sufficient development t ime would be available by 1972 to  hold 
fai lure  r a t e s  within reasonable  l imi t s  on all  sys t ems .  

Tables A-7 and A - 8  present  the actual  

The year given in the "year operat ional"  

Examination of the tables  

FAILURE RATE SUMMARY BY FAILURE MODE 

T h e  fa i lure  r a t e s  der ived in  the previous subsection m a y  be 
subapportioned to the var ious fa i lure  modes by  the fa i lure  modes  and effects 
analysis.  This  s t ep  i s  n e c e s s a r y  to obtain a sys tem rel iabi l i ty  prediction 
for  the different  fa i lure  modes  of the s a m e  component which m a y  have dif- 
fe ren t  effects on the sys tem.  The fa i lure  modes a r e  parti t ioned according 
to the four c l a s s e s  delineated ear ly  i n  this  appendix ( s e e  The  Genera l  
Sys tem Model). 

Tables  A-9 through A- 13 present  the subapportionments by fa i lure  
mode f o r  the individual sys tems.  
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T A B L E  A-8.  FAILURE RATE WORKSHEETS FOR COMPONENTS 

Total 
Fa i lures  h U ( o )  

0.027 

n n77 

0. 027 

0. 024 

0. 024 

0.024 

0. 019 

Fa i lure  Mode Item and System 

'anks 

Nitrogen 

Hydrazine plenum 

Dual hydrazine 

Hydrazine electrolysis 

Water electrolysis 

Ammonia 

Burst  Leak 

0.008 

c. cos 

0.008 

0.008 

0.  oon 

0.008 

0.008 

fi. 0 ! 6  

0.018 

0.018 

0.0 18 

0. 017 

0.016 

0.003 

0.034 

0.003 

0 .  006 

0.003 

-~ 

15. t! 

1 5 . 8  

11.2 

Passage  
:ontaminant liscontinuitv ;logging 

1 

5 

1 

2 

1 

0. 162 

0.046 

0. 162 

0. 046 

0. 060 

0. 046 

0 . 0 0 1  

0.001 

0.001 

0.001 

0 ,001  

0.001 

__ 

i /  cyx 

3 

5 

5 

____ 

I. 141 IO6cy 

* 
0. 0250 

.~ 

'IlterS 

Nitrogen 

Hydrazine plenum 

Hot gas 

Cold gas  

Hydrazine electrolysis 

Hydrazine liquid 
(dual) 

1 

1 

1 

Burs t  Leak 
; ataly s t  
. ttrltion 
~~ 

3 

3 

0 

Combustion Chamber 
and Catalyst Bed 

Hydrazine plrnum 

Hydrazine liquid 
(dual) (in thruster)  

"3 

0. 141 I O 6  cy 
~-~ ~~ 

0. 767 
0. 767 

~~ ~ 

0. 4M5 
0. 398 

~ 

All equal P r e s s u r e  switches 

0. 0500 
-~ ~ 

Electrolysis cells N o  comparison made 

No comparison made 
- 

0.008 
0.008 Heater ammonia 0.032 

0. 025 
0. 0 2 5  

*** 
Manifolding 0.057 

~~ 

*Data f rom Hamilton Standard Division, United Aircraf t  Corporation. 

Failure r a t e  due cssentially to power supply. 

Assumed tianit. for  all systems. 

** 
* * r 
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rable A-8 (continued) 

0 . 5 5 4  

0 . 5 5 4  

0. 1 7 1  

0.200 

Total Operational 
Fai lures  Item and System Fai lure  Mode X,(o) 

3. 25  

2.79 

3. 25 

3. 25 

3. 25  

2. 7 9  

XU(T) 

0. 106 

0. 688 

1. 27 

0.935 

0 .259  

hL 

0 .024  

0. 024  

0 .024  

0 .024  

0 .024  

0 .024  

Armature 
Sticking 4dhesion Spring Seal Leak 

* 
Relief Valves 

Nitrogen 1960 
(12)  

(5) 

1969 
(3)  

1968 
(4 )  

1964  
(8) 

1967 Hydrazine plenum 

Hydrazine electrolysis 

Water electrolysis 

Ammonia 

Nozzles All assumed A = 0. 000 since failure resul ts  i n  degradation only. 

Reliability estimate Squib valve 

Nitrogen 0 .999  
I cycle 

0 .9995  
1 cycle 

0 .554  

0 .453  

0 .070  

0 . 0 7 0  

0 . 0 7 0  

0 .070  

300 fail /  
106 c y  

Regulator 

Nitrogen 

Ammonia 

Electrolysis  bladder 

Hydrazine plenum 

0. 146 

* 
Relief valves will  have minor  effect on system reliability a s  they do not operate unless another fa i lure  occurs 
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TABLE A-9. NITROGEN SYSTEM FAILURE 
RATE APPORTIONMENT 

Closed 

Open 

Closed 

Closed 

Ful l  open 

Component 

MC 

MO 

MC 

S 

S 

Tank 

Fill valve (1) 

F i l t e r s  

Mani fo 1 ding 

Re  lief valve 

Squib valve 

R e g ula t o r 

Control valves 

F a i l u r e  Mode 

F a i l u r e  Ra te ,  
pe rcen t /  1000 h r  

.I, 

E f f e c t "* 

Bur s t  

Leak 

Leak  

All 

Leak  

Bur s t  

Open S 

0.008 

0. 008 

0 . 0 0 0  

0 . 0 0 3  

0.0456 

0. 0114 

to fail i r e  r a t e  

70 - 0. 999 

0.  098 

0.049 

0.  154 

0.102 

0.  307 

\L 

.'.C E ca tas t rophic  

MO E m a j o r  open 

MC E major  c losed 

S E spec ia l  

___ - 

Lower 
- - 

0. 004 

0. 004 

0 . 0 0 0  

0 . 0 0 1  

0.0200 

0. 0050 

R = 0.9995 

0. 047 

0. 023 

0. 076 

0 .050  

0 .  151 
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Component 

Control valve 

Tanks 

Fill valves  

Filters 

T e m p e r a t u r e  
switch 

B a t t e r i e s  

Solar  ce l l s  

H e a t e r s  

Manifolding 

Regulator  

Heat  chamber  

TABLE A-10. AMMONIA SYSTEM 
FAILURE RATE APPORTIONMENT 

Fa i lu re  Mode 

Closed 

F u l l  open 

Open 

Leak  

Bur s t  

Too l i t t le  gas  
generat ion 

Too much g a s  
generation 

Leak  

Bur s t 

Open 

Closed 

Bur st 

Other 

Effect 

S 

S 

S 

MO 

C 

MC 

MC 

MO 

MC 

MC 

MC 

MO 

C 

MO 

MC 

C 

MC 

Fa i lu re  Rate ,  
percent /  1000 h r  

0. 177 

0. 088 

0. 309 

0.008 

0. 008 

0.003 

0.035/106 cy 

0.035/106 cy 

R = 1. 000 

R = 1.000 

0.032 

0 . 0 4 5 6  

0. 0114 

0. 109 

0 .062  

5.6/106 cy 

5.6/106 cy 

Lower 

0. 083 

0.041 

0. 144 

0.004 

0 .004  

0 .001  

0.035/10 cy 6 

O.035/lO6 cy 

0. 008 

0 . 0 2 0 0  

0 . 0 0 5 0  

0.045 

0. 025 

2.5/106 cy 

2.5/106 cy 

4, 1- 

I 
TWO e x t r a  c e l l s ,  0 .  05 percent/1000 h r  per ce l l ;  reliabil i ty is  
essent ia l ly  1. 0. 
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TAB'LE A- 11. HYDRAZINE PLENUM 
FAILURE RATE APPORTIONMENT 

Component 

Control valves  
(no ro l l  control)  

Control valves  
( r o l l  control)  

Tanks 

F i l t e r s  

Hot 

Cold 

Ma ni f o 1 d i ng 

Bladder (one 
cycle)  

P r e s s u r e  switch 

Flow valve 

C oin bus t i  o n 
chamber  and 
catalyst  bed 

Rel ief  valves  

- 

F a i l u r e  Mode 

Closed 

Fu l l  open 

Open 

Closed 

Fu l l  open 

Open 

Bur s t  

Leak  

All 

All 

Leak  

Bur s t  

All 

Too much g a s  
genera t ion  

Too li t t le g a s  
genera t ion  

Open 

Closed 

Bur st 

Other 

S 

S 

S 

S 

S 

S 

C 

MO 

MC 

MC 

MO 

C 

MC 

MO 

MC 

S, MO 

S, MC 

C 

MC 

F a i l u r e  Rate ,  
pe rcen t /  1000 h r  

0. 232 

0. 066 

0 .431  

0. 262 

0.  175 

0. 617 

0 .  009  

0.010 

0.046 

0. 003 

0.0456 

0. 0114 

300/106 c y  

0.07/106 cy 

0.07/106 cy 

0. 272 

0. 195 

3. 16/106 cy 

12.64/10 6 cy 

Negligible effect  on s y s t e m  re l iab i l i ty  

LOW e 1- 

0. 079 

0 . 0 2 3  

0 .  148 

0. 068 

0. 045 

0 .  159 

0 .004  

0. 004 

0 . 0 0 1  

0 . 0 0 1  

0.0200 

0. 0050 

300/106 cy 

0.07/106 cy 

0.07/106 cy 

0.  132 

0. 095 

1 /106  cy 

4/106 cy 
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TABLE A-12.  HYDRAZINE OR WATER ELECTROLYSIS 
FAILURE RATE APPORTIONMENT 

Open 

Closed 

Component 

MO 0. 145 0. 051 

MC 0. 055 0. 019 

Control valve 

Tanks 

Fill valves  

Filters 

E l e  c tr oly si s c e l l  

Solar ce l l s  

Pressure switches 
(2  cyc les /day)  

Manifolding 

Relief valve 

Regulator  

Fa i lu re  Mode 

Closed 

Fu l l  open 

Open 

Bur  st 

Leak  

All 

All  

Too l i t t le  ga ,  
generation 

Too much ga 
generat ion 

Leak  

Bur st 

Effect 

S 

S 

S 

C 

MO 

MC 

MC 

MC 

MC 

MO 

MO 

C 

Fa i lu re  Rate ,  
percent /  1000 h r  

0. 140 

0. 093 

0.374 

0. 009 

0. 008 

0. 006 

0 .0500  

R =  

0.07/106 cy 

0.07/106 cy 

0.0456 

0.0114 

Lower 

0.062 

0.041 

0. 165 

0.004 

0.004 

0.001 

0. 62500 

R =  

0.07/106 cy 

0.07/106 cy 

0.0200 

0.005 
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TABLE A- 13. DUAL HYDRAZINE FAILURE 
RATE APPORTIONMENT 

Component 

E o tnm on El e m e nt  s 

Tank 

Manifolding 
( 2  s e t s )  

Relief valve 

Gas Side 

E lec t ro lys i s  ce 11 

P r e s  s u r e  
switches 

Contr ol valves  

F i l t e r  

Liquid Side 

F i l t e r  

Control valves  

Catalyst  and c o m -  
bustion chamber  
( 3 6  cy /va lve)  

Solar  c e l l s ,  
R 1 . 0 0  

Fai lure  Mode Ef fec t  -I- 
Bur s t 

Leak  

Leak  

Bur st  

C 

MO 

MO 

C 

Fai lure  Ra te ,  
percent /  1000 hr 

0. 009 

0. 008 

0.  0456 

0.0114 

Negligible effect  on sys t em rel iabi l i ty  

All  

Too l i t t le  g a s  
generat ion 

Too much g a s  
generat ion 

Closed 

F u l l  open 

Open 

All  

All 

Closed 

F u l l  open 

Open 

Othe r s  

MC 

MC 

MO 

S 

S 

S 

MC 

MC 

S 

S 

S 

MC, 
S 

0. 0500 

0.07/106 cy 

0.07/106 cy 

0. 0140 

0 .  093 

0 .374  

0. 006 

0. 003 

0. 195 

0. 078 

0 .  272 

15.8/106 cy 

Lower 

0 .004  

0.  004 

0.0200 

0.  0050 

0. 0250 

0 .07/106 cy  

0.07/106 cy  

0 .  062  

0. 041 

0 .  165 

0 .001  

0 . 0 0 1  

0. 095 

0. 038 

0 .  132 

5/106 cy 
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THE GENERAL RELIABILITY FORMULA 

A genera l  re l iabi l i ty  fo rmula  for computing any of the previously 
modeled s y s t e m s  is  given here .  

The following symbols  and variables will  be used: 

K1 = 
2 for redundant plenum sys tem 
1 for single sys t em 

K2 = 2 for quad o r  dual valve 
1 for  single valve 

K3 = 
1 for dual sys t em with less  than 3 t imes  requi red  fuel 
0 otherwise 

K4 = 2 for quad valves 
1 otherwise 

N = number of valves per plenum 

T = c r i t i ca l  t ime 

T = t ime ,  hours  

C 

Fa i lu re  r a t e s :  

= single valve, full open 

= 

= single valve closed 

= 

X V F  

%c 

single valve open (leak o r  full  open) 

total  ma jo r  open failure modes  except fo r  valves 
MO 

= total  m a j o r  closed fai lure  modes  except for valves 
‘MC 

= total  c r i t i ca l  fa i lure  modes ‘C 
Define the following quantities: 
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- K2 Avc p” RVC(T)  = 1 - 

The total  sys t em rel iabi l i ty  i s  the product of the following t e r m s  

A correc t ion  fac tor  for  not having t h r e e  t i m e s  r equ i r ed  fuel  is: 
(equal to  1 i f  K3 = 0) .  

Correc t ion  for dual  fa i lure  even i f  t h r e e  t i m e s  r equ i r ed  fuel  is  
c a r r i e d  ( s e e  Case  1) 

t e  RVC AoM(T) 2AMC t A M c  Rh40(T )RMC (TI I 1 - R ~ ~ ( T ) R M C ( T ) I  
-2X T 

C 

f o r  redundant sys t ems .  (Note: This  s t a t emen t  equals  1 i f  K1 = 1 . )  

for  single s y s t e m s .  (Note: This  s t a t emen t  equals  1 i f  K 1  = 2 . )  

This  gene ra l  re l iab i l i ty  f o r m u l a  h a s  been  p r o g r a m m e d  for mach ine  
calculation. 
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SPECIAL RELIABILITY CONSIDERATIONS IN DUAL MODE HYDRAZINE 
SYSTEM ANALYSIS 

The  dual mode hydrazine sys t em differs  i n  a fundamental  way f r o m  
the o thers  considered, in that i t  i s  in essence two subsys t ems  - a liquid 
hydrazine and an electrolysis  s y s t e m  (without a regula tor )  operating off 
common tankage. 
operation of the other.  

A fa i lure  in  either subsystem c l ea r ly  can  influence the 

F o r  a single plenum sys tem,  it i s  sufficient to consider  the dual mode  
hydraz ine , sys t em a s  two independent plenums and thus multiply the r e l i  - 
abi l i t ies  of the gas  s ide and liquid side together to obtain the dual mode  
hydrazine reliabil i ty.  F o r  the two plenum sys tem,  however ,  this a s sump-  
tion i s  not valid. To simplify the calculations, however ,  i t  was convenient 
to make  this assumpt ion  of independence for the plenum s y s t e m  and apply a 
cor rec t ion  fac tor ,  a s  discussed below. 

1 

I 

The effect of this  assumption is  shown in Table A-14, in t e r m s  of 
the redundancy of the sys tem remaining following a single failure.  
redundancy i s  the only p a r a m e t e r  affected by the assumption. It is seen  
that  the only differences in  the two models  resu l t  i f  ma jo r  open fa i lures  
occur .  

Thrus te r  

TABLE A-14. COMPARISON O F  MODELS FOR 
DUAL MODE HYDRAZINE SYSTEM 

Event  

No m a j o r  fa i lures  

Major  open (gas )  

Major  open (liquid) 

Major  c losed (gas)  

Major  c losed  (liquid) 

Effect on Thrus t e r  Redundancy'' 

Rigorous Model 

Gas  Side 

R 

NR 

NR 

NR 

R 

Liquid Side 

R 

NR 

NR 

R 

NR 

Independent Model 

Gas  Side 

R 

NR 

R 

NR 

R 

Liquid Side 

R 

R 

NR 

R 

NR 

.I, 

-'R redundant 
I NR E nonredundant 
I 
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If p P ~ 0  and g P ~ ~  a r e  the probabili t ies of ma jo r  open fa i lures  f o r  
the gas and liquid s ides  respect ively,  i f  t he re  a r e  N t h r u s t e r s  per plenum, 
and i f  ~ R T  and gRT a r e  the thrus te r  re l iabi l i t ies  (closed mode) ,  the 
numer i ca l  effect on sys tem reliabil i ty m a y  be computed a s  follows: 

I 

The re!iabi!ity =f t h e  thrr is ters ,  if a ii-iajur open ( g a s )  fa i lure  occur s ,  I 
i s ,  under the r igorous model: 

while under the independent model ,  i t  i s  

The difference i s  

The  impact on the sys t em rel iabi l i ty  of changing models  i s  then 

for the gas  s ide,  and s imi l a r ly  f o r  the liquid fa i lure ,  

"111 - ( 1  - R ) 2 ]  N - gRTNl  

g T  
E = P  I I MOPRT 

Assuming values of 
effects,  

RT  and gRT c lose  to 1 and ignoring second o r d e r  

RR = R I - E  - E  
m g  

where  R R  i s  the reliabil i ty using the r igorous  mode l  and RI i s  the 
reliabil i ty using the "independent" model .  

Thus the original "independent" mode l  computer  p r o g r a m  was  used  
to compute RI and the above equation was  u s e d  to  "convert" to RR. 
sample  calculation showed that E g for the quad valve s y s t e m s  and thus could be  neglected.  

A 
and El w e r e  both on the o r d e r  of 

F o r  single valve 
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sys t ems ,  however,  the e f fec t  was non-negligible and thus the numbers  
appearing in  Table  A- have been  cor rec ted  to include Eg and El. 

RESULTS 

Table A-15 gives the r e su l t s  of the calculations of upper  and lower 
l imit  sys t em r eliabil i t ies.  

I 
CONCLUSIONS AND RECOMMENDATIONS 

Compar ison  of Configurations and Sys tems ' 

The computations summar ized  in  Table A-15 pe rmi t  es tabl ishment  
of the following preferences  on a reliabil i ty bas i s .  I r r e spec t ive  of the type 
of s y s t e m  chosen, the following o r d e r  is  preferred:  

1 

1) 

2) 

Redundant plenums with quad o r  dual valves 

Single plenums with quad o r  dual valves 

3 )  Redundant plenums with single valves 

Within these  configurations, p reference  may be  established a s  follows: 

1) Redundant plenums with quad o r  dual valves 

a)  Nitrogen 

b )  Elec t ro lys i s  

c )  Dual mode  hydrazine 

d )  Vaporjet 

e )  Hydrazine plenum 

If i t  i s  decided to use  this configuration, re l iabi l i ty  would not be 
the  key factor  in  chosing the optimum sys tem because  a l l  a r e  
adequate.  

2 )  Single plenums, quad o r  dual valves 

a) Nitrogen 

b )  Vaporjet  

c )  Elec t ro lys i s  
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d)  Hydrazine plenum 

e )  Dual mode hydrazine 

This  o rde r  holds f o r  the c a s e  with no added ro l l  control  only. 
F o r  the added r o l l  control  case ,  the hydrazine plenum sys t em 
i s  leas t  a t t ract ive.  

3)  Dual plenums, single valves 

a )  Nitrogen 

5) Vaporjet 

c)  Elec t ro lys i s  

d )  Dual mode  hydrazine 

e )  Hydrazine plenum 

If this configuration were  chosen, the low rel iabi l i t ies  (lower 
bounds) of the dual mode hydrazine and hydrazine plenum 
s y s t e m s  should eliminate them as  effective contenders because  
of the c r i t i ca l i ty  of valve reliabil i ty in  this  case.  

It m u s t  be  emphas ized  that although the la rge  spread  of uncertainty 
between the upper  and lower reliabil i ty numbers  indicates ,  for example,  
that  a par t icu lar  hydrazine plenum sys t em could have a higher re l iabi l i ty  
than a par t icu lar  nitrogen sys tem,  i t  cannot be said that the s y s t e m s  a r e  
of equal re l iabi l i ty .  
s y s t e m  indicates  i t  i s  a g rea t e r  r isk.  

Certainly the low lower bound of the hydrazine plenum 

As s e e n  in Table  A-15,  in  addition to the th ree  bas ic  configurations, 
a four th  was  considered,  
exception that  t he re  is Qnly enp ql_ziC! valve t h r z s t e r  ( o r  reduxdant psir  of 
dual valves)  pe r  function. This  alternative should be considered because  
the f a i lu re  mode  analysis indicates that open fa i lure  (includes excessive 
leak)  i s  m o r e  likely than closed fa i lure  and thus any ex t ra  t h r u s t e r s  added 
f o r  redundancy pose m o r e  of a hazard  than a safeguard.  
has ,  t he re fo re ,  according to this hypothesis a better reliabil i ty than 
configuration 1. 

This  i s  essent ia l ly  configuration 1 with the 

Configuration 4 

Gener  a1 Conclusions 

1) T h e  choice of configuration i s  m o r e  important  than the choice 
of s y s t e m  (e .  g . ,  nitrogen versus  e lec t ro lys i s )  if a t  l ea s t  
4 y e a r s  of development t ime i s  available. 

2 )  Any of the s y s t e m s  considered would have high (0. 99) re l iabi l i ty ,  
if redundant plenums and quad valves w e r e  used  for a 1972 
launch. 
s tand  out, however,  a s  a considerably l a r g e r  r i s k  than the o thers .  

The  hydrazine plenum s y s t e m  with r o l l  control  does 
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3) The  f inal  choice of optimum sys tem will depend upon the value 
placed upon weight reduction. 
select ion a r e :  

Two possible approaches f o r  

a )  Change both weight and reliabil i ty to  a common 
denominator - e. g . ,  do l l a r s .  

b) Change weight saving into re l iab i l i ty  gain. Spa re  weight 
would then be  used  to  add redundancy to  other  a r e a s  of the 
spacecraf t  to improve  to ta l  miss ion  rel iabi l i ty .  

Both of these approaches r equ i r e  knowledge of a definite space-  
c ra f t  and mis s ion ,  as  the actual value of weight saved v a r i e s  
grea t ly  f rom spacecraf t  to  spacecraf t  and mis s ion  to  mis s ion ,  
and can be e i ther  negligible o r  c r i t i ca l .  

I 

I 

R ecomm endation s 

The  following a r e  recommended as  a r e a s  for  fur ther  effort:  

1) Fur the r  investigation into the independence of f a i l u r e s  for  the 
quad valve configuration. 

2 )  Investigation into the possibil i ty of quad redundant regula tors .  

3) Definition of a specific spacecraf t  and mis s ion  so  tha t  the 
choice of opt imum sys t em could be made .  
could b e  per formed for  s o m e  existing sys t em such as  Mar iner .  

A s  an  e x e r c i s e ,  th i s  
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APPENDIX B. COLD GAS SYSTEMS 

I SUMMARY 

I 
A detai led study was per formed on a ni t rogen cold gas  control  s y s t e m  

t o  es tab l i sh  baseline designs for  per formance  and rel iabi l i ty  compar ison  
with the other  propel lants  and s y s t e m s  being studied. 
t e m  pe r fo rmance  r equ i r emen t s  of impulse  bit s i ze  and t h r u s t  l eve ls ,  the 
operat ing p a r a m e t e r s  were  optimized and propellant tank design c r i t e r i a  
and baseline des igns  establ ished.  System component design p a r a m e t e r s ,  
weights,  and power r equ i r emen t s  were  defined. The t r ans i en t  r e sponse  
c h a r a c t e r i s t i c s  of the control  sys t ems  were evaluated for  the c a s e  in  which 
the  t h r u s t  impulse  period i s  s m a l l  compared with minimum prac t i ca l  t h rus t  
chamber  and con t ro l  valve t i m e  de lays .  

Based on cont ro l  sys-  

The basel ine design s y s t e m  is shown in  F igure  2 ;  Table B-1  defines 
Typical  components a r e  l i s ted  in  Table B-2. individual component weights. 

An a l te rna t ive  propel lant ,  F reon  14 ( ca rbon  te t ra f luor ide) ,  was a l so  
F r e o n  14 h a s  high densi ty  and favorable compress ib i l i ty  at 1500 

The lower tank weight 
examined.  
p s i ,  allowing a substant ia l  reduction i n  t a n k  weight. 
m o r e  than compensa tes  for a somewhat infer ior  specific impulse .  

The F r e o n  14 calculat ions were  per formed i n  the  same  w a y  a s  those  
f o r  the n i t rogen  sys t em.  It i s  n e c e s s a r y  t o  recognize ,  however ,  that iiiglily 
c o m p r e s s i b l e  g a s e s  have an in te res t ing  cha rac t e r i s t i c  not usually impor tan t  
f o r  o rd ina ry  gases :  a l a r g e  Joule-Thompson effect .  This  effect ,  an 
unwanted cooling upon expansion through a r egu la to r ,  r e s u l t s  in  up t o  about 
5 pe rcen t  l o s s  in  pe r fo rmance  for  s teady-s ta te  th rus t ing  with F r e o n  14. 
Low duty cyc le  pulses  a r e  re la t ively unaffected because ambient heat soak- 
back m a y  r ep lace  the los t  t h e r m a l  energy.  
shown in  Tab les  B-3 and B - 4  were  not compensated for  Joule-Thompson 
ef fec t  but, as a consequence of the par t icu lar  s y s t e m  design,  they still 
r e p r e s e n t  a fair compar i son  of propellant capability. 
used the s a m e  conserva t ive  p r e s s u r e  regulator that  l imited minimum tank 
p r e s s u r e  t o  200  psi .  However ,  s torage  of ni t rogen at 3500 ps i  and F r e o n  14 
at only 1500 ps i ,  combined with the higher F r e o n  densi ty ,  actually resu l ted  
i n  an  unnecessa ry  penalty to  the Freon  sys tem i n  the  amount of r e s idua l  
gas .  
s ib le  with s t a t e -  of-the- a r t  r egu la to r s ) ,  more  than enough wasted propel lant  
could be r e c o v e r e d  t o  compensa te  fo r  Joule-Thompson los ses .  

The F r e o n  14 s y s t e m  weights 

The or ig ina l  des igns  
, 

I 

I By requ i r ing  a lower p r e s s u r e  d rop  a c r o s s  the  regulator  (eas i ly  pos- 

B-1 



I 

B-2 



2 w 
b 
v1 * 

l v 1  

4 
0 

' 2  z 
0 u 
w 
Q v l  

0 , e: 
b 
z H 

w 
4 

0 
av, 0 0  

;5 8 .E 

." e 

a ." 
1. 
U m 0 

P 

0 0 0 0 0 v, 0 0 0  0 

m a m m  m 
n 

' E  u) 

- E  d a m  m 

a a a  a 

"azz "a 

d a 
U U U U 

a a a a 

u u u  u 

$' :: a 

* g  , o U  
n 3 

3 ... ._ ." ... 

3 

a a : ;  9 : .,u 

c c - c)  9 ' 2 ; s  3 U c ) Y  c)  

+E,: a 

z z z  ; ,o;= 

.* 3 ." 3 

P m a  u 3 a 
om, ... 6 > -  

.3 A ." 

4 a a 

0 0 0  m z z N U - I E  z z ; Y m E  m 

o 0 
D 

U U 

a a a a 

3 

m n 
3 

3 3 

Y c)  

z 2 
m 
3 

0 1 

m m m  o 
N m O  m 
0 0 -  - . . .  . . . .  . 
0 0 0  0 

0 0 0 0 

0 

i 
V 

E 

3 .e 
O E  

z 
0 '" 

." 3 

3 ,a 
23 0 

L X X 
3 3 

3 4 

m m 'f 

0 0 0 O E  
0 O m  

m 
0 m 0 x x x  x 

m - 3  m 
m - 3  N 
. . .  . 

x D 
N 

0 x 
n n 

3 d l  
> 3 m  

3 

N .. .I 

2 I. 

B-3  



h m a 
d 
3 
0 a 
c 
.rl 

& .d 

a, 
3 
.. 

h: 

5 
m 
a, 

d 
a, 
k 
rd 
a 
c 

W 
a, 
k 

3 
a, 
k 

m 
c, 

.rl 

.d 

G 
a, 
G 
0 

E" 
0 
V 
w 
0 
k 
a, n 
E 
2 
Y 

I 0 0  9 - r  0 9 -r m o  9 m 0. ... 0 N * -  r- 
e m m - r  0 

o m  
. .  . .  . .  . 

4 -  0.0 "l 

d 

1 

N c m o  * - r  
m m ' s m  N 

m O N  10 
- r -  m 

0 1 1 0  
n 

. .  m N  0 

m 

. .  . - 0  

N N  * m  2 

in c 0 N  In 
D o m  - 

N -r 
m 0 1 1 0  9 

. .  
0 . 0  0 
- N  d 

. .  
N N  

B -4 



1 w  ' u  z 

i 
61 
0 

c '+ 

2 :  
m z  r. 

c 

d 

h D 
.- LI 

a 
m 

c 0 
0 N m 

c d 
N 

m m  o m o  
- N  

2 2  
$ 2  

: z  9 . n  m 

a 
0 

c 2 

d 
0 

0 e 
N 

c 

m m m m  o m  0 u.2 m m  Q N 
N N N N  

m Ln o m m  - * m - m  

m a 

v u  
N m  

N N  
. .  

E 
1 

e 
m 

m m m  m m m  
4\09 

d d d  d d d  
66G m ' m - .  

d d d  d d d  
9 - M  OINN 
0 0 0  OLIN 

N N N N  
d - 4 -  

d d d d  

m m  hl - 2  
d d  

4 
000 000 
o * o  m m o  
c 0 m m  

4 

0 0000 
0 0000 
9 0000 m m m m  

m 
il 
m 
e 

+ 
0 0  - 0  0 o m  0 0  0 0 .  * N 

0 m m m~ 

4 

3 w 

0 

0 

P 
c 

0 c 

C 0 
* 
U 

3 
d 

U 

B-5 



NITROGEN SYSTEM BASELINE DESIGN 

The design establ ished i s  based on s ta te-  of-the- art components 
throughout; component per formance  va lues ,  weights,  and power r e q u i r e m e n t s  
a r e  all based on fully developed and qualified components except  for  the  
propel lant  tanks  and t h r u s t e r s ,  which a r e  general ly  s ized  f ~ r  2 specif ic  
design. 
s e s  of maximum attainable component capabili ty;  ins tead ,  demons t r a t ed  
performance h a s  been used throughout.  

N o  a t tempt  h a s  been made  t o  engage in  extensive theo re t i ca l  analy- 

Control  Valves 

The select ion of control  s y s t e m  impulse bit s ize  is governed by the 
vehicle i ne r t i a l  c h a r a c t e r i s t i c s  ( ro l l ,  y a w ,  and pitch axes  moment s  of 
iner t ia )  and the cont ro l  accuracy and r e sponse  r equ i r emen t s .  
bit s ize  must  be s m a l l  enough t o  prevent  limit cycling in  e x c e s s  of the 
requi red  cont ro l  band range  and l a r g e  enough t o  avoid l o s s  of con t ro l  f r o m  
maximum dis turbing loads o r  t o rques .  
s idered  in  th i s  study i s  16 x 
maximum; the  t h r u s t e r  fo rce  leve ls  of i n t e r e s t  a r e  0.  04 t o  0 . 0 8  pound. 
Greer:;: has  repor ted  nonrepeatable and e r r a t i c  impu l se  b i t  per formance  in 
th rus t e r  t e s t s  when cont ro l  valve opening t i m e  plus  c losing t i m e  approaches ,  
o r  i s  g rea t e r  than ,  the impulse bit pu lse  per iod.  Th i s  effect  i s  apparent ly  
duc to  nonrepeatabil i ty of valve opening and closing dynamics.  
i t  is  des i rab le  to  design for  a pulse  per iod  of sufficient length t o  minimize  
the effects of the valve opening and closing t r a n s i e n t s  on the t o t a l  impu l se  
bit. 

The impu l se  

The impu l se  b i t  s ize  r ange  con- 
lb f - sec  minimum and 120 x 10-4 lb f - sec  

Consequently, 

Valve opening t ime i s  de t e rmined  by a number of f a c t o r s ,  including 
coil  inductance,  solenoid fo rce  and closing spr ing  f o r c e ,  plunger f r ic t ion ,  
gas  dynamic loads ,  valve plunger mass and s t roke ,  and input power supply 
and control  c h a r a c t e r i s t i c s .  
for  a s imple solenoid valve a r i s ing  f r o m  e l e c t r i c a l  and mechanica l  de lays  
can be determined f r o m  the relat ionship 

The theo re t i ca l  opening t i m e  ( ignoring fr ic t ion)  

sw 
At vo 2 E min t 1 .41  ( = s o l  - F s p  !g 

whc>re 

At Z valve opening t i m e ,  seconds  
V O  

- L = valve co i l  inductance,  h e n r i e s  

I - = valve c u r r e n t  t o  overconie  holding sp r ing  f o r c e ,  a m p e r e s  mi  n 

E voltage 

:::See re ferences  in this Sect ion on T h r u s t e r  P e r f o r m a n c e .  
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S E valve s t roke ,  feet  

- w = valve plunger weight, pounds 

Z solenoid force ,  pounds Fsol 

F E valve closing spr ing force ,  pounds 
SP 

2 g Z gravi ta t ional  constant,  f t / s ec  

Theoret ical ly ,  solenoid valves  weighing l e s s  than 1 pound can  b e  designed 
for  opening times of approximately 2 mill iseconds; however,  because a 
specific design w i l l  involve s e v e r a l  compromises  for the best  balance of 
time re sponse ,  flow cha rac t e r i s t i c s ,  power input, weight, and control  c i r -  
cui t ry  simplicity,  a m o r e  prac t ica l  c r i te r ion  for  determining valve dynamic 
cha rac t e r i s t i c s  is the state of the a r t  in  valve manufacture .  Table B-4 is  a 
b r i e f  s u m m a r y  of manufac turers '  performance da ta  on solenoid valves i n  
the range  of or i f ice  s ize  and type suitable for control  sys t ems  in  the s i ze  
and p r e s s u r e  range being considered.  From th i s  survey ,  it is  concluded 
that  valve opening t i m e s  of 5 t o  7 mill iseconds and closing t i m e s  of 5 milli- 
seconds are  p rac t i ca l  minima.  It should be noted that with plunger position 
feedback power control  c i r cu i t ry ,  one manufacturer  c la ims  opening t i m e s  of 
2 mil l iseconds;  however ,  an evaluation of this  cont ro l  c i r cu i t ry  re l iabi l i ty  
would be requi red  t o  de te rmine  the  desirabil i ty of using th i s  approach. The 
nozzle sizing and operating conditions selected for  this study a r e  based on 
valve s t a t e  of the a r t  without feedback control. 

The requi red  valve or i f ice  s ize  c r i te r ion  used w a s  a maximum p r e s -  
s u r e  d r o p  of 2 p s i  at ra ted  flow, o r  an a r e a  r a t io  of valve or i f ice  to  nozzle 
th roa t  o r i f i ce  of 2:1, t o  minimize  th rus t e r  chamber  p r e s s u r e  r i s e  t ime.  
Although, in  the  s y s t e m s  utilizing 0 . 0 4  pound t h r u s t e r s ,  such a valve has  
an overs ized  or i f ice  fo r  minimum p r e s s u r e  d r o p  and minimum th rus t  
chamber  r ise  t ime ,  the valve s i ze  and weight a r e  not appreciably reduced by 
a reduct ion i n  or i f ice  s i ze ,  because in  very low re sponse  t ime valves  the 
weight i s  due p r imar i ly  t o  the l a rge  solenoid requi red  to  minimize the  
mechanica l  t i m e  constant ( s e e  Equation 1). 

F o r  a minimum average  th rus t e r  force leve l  of 0 . 0 8  pound and the 
min imum impulse  bit s i ze  of 16 x l o e 4  lb-sec ,  the minimum pulse per iod 
m u s t  be approximately 0 . 0 2  second. Consequently, w i t h  min imum t h r u s t e r  
f o r c e  leve l ,  t he  pulse  per iod can b e  made approximately t w i c e  the s u m  of 
reasonable  valve opening and closing t imes ,  which w i l l  reduce  the nonrepeata- 
ble effects  of valve opening dynamics,  but not sufficiently t o  avoid consider  a- 
t ion of the t r ans i en t  e f f ec t s  on actual  impulse b i t  s ize .  
nonrepeatable  t rans ien t  effects on control  sys t em performance,  low level  
t h r u s t e r s  should be  used, and the minimum levels  of 0 . 0 4  and 0 . 0 8  pound 
w e r e  used  f o r  the pulsed t h r u s t e r s .  

magni tude as valve opening and closing time and t h r u s t e r  p r e s s u r e  buildup 
and de lay  t ime ,  was  init iated to  evaluate control per formance .  

T o  minimize 

I A n  analysis of t h r u s t e r  per formance  in  
I the small impu l se  bit  s i ze  range, where impulse period is  the same o r d e r  of 
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T h r u s t e r  Pe r fo rmance  

By definition, the impulse  f o r  a given command is 

e 
= / Fde 

0 
I C  

whe re  

I 5 command impulse,  l b - s e c  

F E fo rce  of t h rus t e r ,  l b s  

C 

0 t ime  f r o m  initiation of pulse command, seconds 

F igu re  B-1 i l l u s t r a t e s  a typical t h r u s t  ve r sus  t ime  h i s to ry .  
p r e s s u r e  r i s e  and decay t i m e s  have been evaluated analyt ical ly  b y  G r e e r  and 
Griep'x b y  t rea t ing  the chamber  buildup as an adiabatic p r o c e s s  and the p r e s -  
s u r e  decay as a polytropic expansion. Cer ta in  s implif icat ions w e r e  made  in  
this  ana lys i s .  
usually l e s s  than 1 mil l isecond fo r  a well-designed valve, and will  b e  differ-  
ent fo r  any given s y s t e m  design; t h e  effects of the var iab le  valve or i f ice  area 
and flow coefficient during valve opening and closing w e r e  a l s o  ignored.  The 
valve e l ec t r i ca l  t ime delay effect can easi ly  b e  included once a s y s t e m  design 
has  been  establ ished,  by  s imply adding the valve e l ec t r i ca l  delay to  the  total  
command pulse  durat ion.  The  valve orifice opening and closing dynamics,  
however ,  produce effects not predictable  by the analyt ical  approach  when 
the command pulse per iod is  of the same o rde r  of magnitude as the  valve 
opening and closing t i m e s .  

The chamber  

The valve e l ec t r i ca l  t ime  delay was  omit ted because  it is 

F o r  any  s y s t e m  design t h a t  operates  in  the v e r y  sho r t  pulse per iod 
r eg ime  (A0, s AeVc o r  Aev0) ,  a m o r e  rigorous analyt ical  and exper imenta l  
study is  n e c e s s a r y  to p r e d i c t  t h r u s t e r  per formance  accura te ly .  
i imitat ions,  however,  the ireatliiei?t of G r e e r  and Gr iep  h a s  ?roved valid.  

Within i t s  

On the  assumpt ions  of vacuum operation, ideal  gas  behavior ,  constant  
densi ty  flow through the valve or i f ice ,  :::::: and a sufficiently l a r g e  ra t io  of 
or i f ice  t o  nozzle  throa t  a r e a s ,  the t rea tment  of G r e e r  and Gr iep  leads to  

:kH. G r e e r ,  "Analytical Investigation of Nitrogen Jet Reaction Control  
Sys tem",  Aerospace  Corporat ion,  TDR-469 (5560-30)-1,  30 November 1964. 

H .  G r e e r  and D .  J .  Griep,  "Low T h r u s t  Reaction J e t  Per formance" ,  

H.  G r e e r  and D. J .  Griep,  "Dynamic Pe r fo rmance  of Low T h r u s t  Cold 
Gas  React ion Je t s  in  a Vacuum", Aerospace  Corporat ion,  TR-669 

TDR-469 (5230-33)-2,  August 1965. 

I (6230-33)-1,  August 1966. 

:k:KThis assumpt ion  a g r e e s  m o r e  c lose ly  with exper iment  than al ternat ives  
(see G r e e r  and Griep,  cited above) .  
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P %  
‘d 

where  B and T a r e  defined as  

1 v+ 1 

r 1 1 

1 t B  

L 

l e  = e c  

LVC 

P E chamber  p r e s s u r e  during buildup, ps i  

P f s teady  s t a t e  chamber  p r e s s u r e ,  p s i  

A 

C r 

S 
- = a r e a  of cont ro l  valve or i f ice ,  s q u a r e  inches 

= a r e a  of t h r u s t e r  th roa t ,  s q u a r e  inches 

0 

- 
A t  

- Y = ra t io  of specif ic  heats  o r  polytropic  exponent 

P E chamber  p r e s s u r e  during decay ,  psi  

V volume of t h r u s t e r  c h a m b e r ,  cubed inches  

a::: = sonic  velocity at  t h roa t  condi t ions,  i n .  / s e c  

‘d 

C 
- 

A -  = a r e a  of nozzle  cone exit ,  s q u a r e  i n c h e s .  
0, = t ime  of end of command pulse  
0, = t ime  during chamber  p r e s s u r e  r i s e  
8, = t ime  of valve closing 

- e 

- 
- 
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The t h r u s t e r  f o r c e  output as a function of chamber  p r e s s u r e  is 

r-11 ytl 

-- y - 1  2y2 ( y t l  )'-' [1 t(2) ' ] I 2  t(2) % ] A t P C  (5) 

where  (Pe), the exhaust plane p res su re ,  is 

- V  

l and (Me), the exit Mach number ,  i s  

Equations 3, 4 ,  and 5 can  b e  substi tuted into Equation 1 to yield a solution 
f o r  impulse  as  a function of command pulse width. 
niques, impulse  ve r sus  command pulse width was determined f o r  each pulse 
mode t h r u s t e r  used in the basel ine nitrogen s y s t e m  designs.  F igure  B - 2  
gives the predicted basel ine design per formance  for  pulsed operation and 
includes a s u m m a r y  of the nozzle design pa rame te r s  used;  it is apparent  
that  t h r u s t e r  output is  nonlinear i n  the sho r t  pulse period range and the con- 
t r o l  s y s t e m  programming will  have t o  be  designed to  compensate  f o r  t h i s  
effect .  

By use  of computer  tech-  

The  select ion of t h r u s t e r  operating p r e s s u r e  involves a tradeoff 
between high p r e s s u r e s  (which r e su l t  in prohibitively small nozzle throa t  
d i ame te r s  with problems of holding v e r y  smal l  to le rances ,  d i r t  sensit ivity,  
and prec is ion  of blending contours)  and l a r g e r  s i z e  va lves .  
i l l u s t r a t e s  nozzle  s i z e  as a function of t h rus t  l eve l  f o r  chamber  p r e s s u r e s  
f r o m  10 to  65 ps ia  exhausting to  vacuum. 
inch w e r e  cons idered  l e s s  p rac t i ca l  f o r  production components and s o  50 psia  
was  used, s ince  f o r  the smallest t h r u s t e r  ( 0 . 0 4  pound) the throa t  d iameter  
would b e  0 . 0 2 3  inch.  No significant compromise  is incu r red  in  operating the 
remain ing  t h r u s t e r s  at 50 psi ,  and all sys tems designs a r e  based  on a nomi- 
n a l  50 ps i  chamber  p r e s s u r e .  

Nozzle P e r f o r m a n c e  

Figure  B-3  

Throat  d iameters  l e s s  than 0 . 0 2 0  

! 
The  reduction i n  nozzle ef%ciency a t  low th rus t  levels was examined; 

the r e s u l t s  a r e  given in  Appendix I .  
t h r u s t  l eve l s  of 0 .01  t o  1 . 0  pound with and without condensation and with 

Specific impulse  was  determined f o r  

I 



/ 
I 
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Figure  B-2 .  Impulse Ver sus  
Command Pulse  Width 

1.00 , I I d  
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Figure  B-3.  Nozzle Throa t  Diameter  
Ver sus  Thrus t  for  Various 

Chamber  P r e s s u r e s  

B-12 



boundary l a y e r  l o s s e s ,  with some reduction in nozzle per formance  at  lower 
th rus t  l eve l s .  F o r  example,  the calculated I a t  the max imum pulsed t h r u s t  
level  considered ( 0 . 6  pound) is approximately 75 seconds while a t  the lower 
level  ( 0 . 0 4  pound), Isp is approximately 74 seconds.  This  l o s s  was  consid- 
e r e d  insignificant in  compar ison  with t h e  nonrepeatable per formance  r e su l t -  
ing f r o m  operating the t h r u s t e r  a t  ve ry  shor t  pulse per iods,  i . e . ,  when 

ATpulse ' ATvalve opening. 

f o r  pulsed operation (F igu re  B - 4 )  and has demonstrated,as predicted b y  the 
simplified theory,  that  specific impulse is practically independent of pulse 
period, par t icular ly  f o r  pulses  of over  20 mil l iseconds.  ::: Notable is  the 

, slight d e c r e a s e  of specif ic  impulse with decreasing command pulse per iods .  
I This  effect apparently ar ises  f r o m  the valve opening and closing dynamics 
l discussed  above. On the b a s i s  of G r e e r ' s  work, a constant specific impulse  

(Isp) of 73 seconds f o r  pulsed operation was a s s u m e d .  
substantiated by  some  unpublished experimental  work  at  Hughes. 

SP 
I 

G r e e r  has cor re la ted  experimental  data with the analytical  predictions 

This value is a l s o  

It appears  that  max imum nozzle efficiency is  achieved a t  expansion 
ra t ios  of approximately 100 to  1 ( s e e  Appendix I ) .  
weights except f o r  the r e t r o  nozzle a r e  a n  insignificant p a r t  of total  s y s t e m  

' weight, and per formance  is not appreciably affected over  the range f r o m  
60 to  120, an expansion r a t io  of 100 to  1 was used f o r  all  nozzle designs.  
The  r e t r o  mode t h r u s t e r  s i z e  was  established by the maximum impulse 
requi rement  of 2000 l b f - s e c  f o r  a 0 . 3 5  hour duration, which will  requi re  a 
3 . 3 3  lbf t h r u s t  level  to ta l  o r  t h r u s t e r s  of 1 .67  and 0 . 8 3  lbf pe r  nozzle .  

Since the expansion nozzle 

' 

P R O P E L L A N T  TANK 

A design specific impulse  of 73 seconds was used to  e s t ab l i sh requ i r ed  
propellant weight and propellant tank s i z e  and weight.  
she l l  thickness ,  volume, and weight w e r e  made by the following formulas:  

Calculations of tank 

3 V = 4 / 3 ~  r 

t = N P r / 2 S  

A = 4 n ( r  t t / 2 )  2 

W = Apt 

w h e r e  

r 5 radius  

- -  .*, 
'I* op. c i t .  
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MEASURED 
0 H2 0 FREON-I4 

Vs = 0.183 in.3 Do = 0.040 in. 0 NH3 v F R E ~ N - 1 2  

PI = 40 psi0 Dt = 0.0188 i n .  

ANALYTICAL, INCLUDES LOSSES 
(BUT NOT CONDENSATION EFFECTS) 

300 c- 

FREON-I2 

30 

20 
0 50 100 150 2 

COMMAND PULSE, B c ,  MILLISECONDS 

Figure  B-4.  Specific Impulse,  
Command Pulse  Correlat ion 

( F r o m  G r e e r  and Griep) 

8 
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B 5  
I 
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WEIGHT OF WELDS AND FLANGES, PERCENT SHELL WEIGHT 

Figure  B-5. Surveyor  Tank Radius 
Ver sus  Weight of Welds 

and Flanges 
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t thickness 

P E operating p r e s s u r e  

N safe ty  f ac to r  ( 2 .  2 applied to  S) 

S = ult imate  s t r e s s  

A E s u r f a c e  a r e a  

p E m a t e r i a l  density 

W 5 tank weight.  

The select ion of s to rage  p r e s s u r e  is  pr imar i ly  a design packaging choice 
because  tank s i z e  v a r i e s  with s to rage  p res su re  but  tank weight is re la t ive ly  
unaffected ove r  the p r e s s u r e  range considered (3000 to 5000 p s i ) .  
3500 psi  p r e s s u r e  was  se lec ted .  

A nominal  

The  ac tua l  tank designs include allowance f o r  unexpelled propellant 
at min imum final  p r e s s u r e  and an  allowance f o r  tank mounting lugs and con- 
necting l ine b o s s e s .  Because  p r e s s u r e  regulator output regulation accu racy  
is affected by input p r e s s u r e  level ,  and par t icu lar ly  s o  as  input p r e s s u r e  
approaches  the  output regulated p r e s s u r e ,  regula tors  f o r  50 ps i  out le t  p r e s -  
s u r e  a r e  genera l ly  designed f o r  no  l e s s  than 200 psi  inlet  with ini t ia l  condi- 
t ions of 3500 p s i .  
p r e s s u r e  of 200  psi ,  and the allowance f o r  the unused propellant was  5 . 7  p e r -  
cent ,  ( i .  e . ,  200/3500 x 100 = 5 . 7  pe rcen t ) .  As a prac t ica l  m e a n s  f o r  
establishing ac tua l  tank weight, including bosses  and mounting lugs,  the  
percent- above - theore t ica l  weights of s e v e r a l  Hug he s -developed t i tanium 
tanks (shown in  Table B-5) w e r e  plotted as  a function of tank rad ius  (F ig -  
u r e  B - 5 ) .  F o r  l a r g e  tanks of the  s i z e  considered ( > 8  inches) ,  the i n c r e a s e  
is  approximately 3 percent  of the theoret ical  m i n i m u m .  

I 

The se lec ted  regula tor  i s  designed f o r  a minimum input 

From a review o i  s t r u c t u r a l  iiiaterials l i t e r a tu re  and discusslens 
with p r e s s u r i z e d  v e s s e l  suppl ie rs ,  the mos t  eff ic ient  tank materials avai lable  
w e r e  bound t o  b e  t i tanium alloy (6 A1-4V), "Ardeformed" s t a in l e s s  s t ee l ,  
and filament-wound epoxy composi tes .  
weight r a t io s  of the t h r e e  m a t e r i a l s .  

Table B-6 s u m m a r i z e s  s t rength- to-  

The  pe r fo rmance  of 6A1-4V titanium al loy i s  well  known and its 
producibil i ty is  well  es tab l i shed;  because  of i t s  longer  development h is tory ,  
it r e p r e s e n t s  the lowest r i s k  m a t e r i a l  choice f o r  nitrogen p r e s s u r e  vesse ls .  

"Ardeformed"  vesse l s  a r e  produced by  a p r o p r i e t a r y  development 

Considerable  tes t ing  has been conducted by  the  developer,  

Special  forming  tooling is requi red  f o r  each design 

p r o c e s s  involving s t r e t c h  forming AIS13101 type s ta in less  s teel  a t  cryogenic  
t e m p e r a t u r e s .  

and good fat igue l i fe .  
and the  l e a d  time would have to  be  considered i n  any application. 

I A rde -Por t l and ,  who c l a ims  good corrosion r e s i s t ance ,  low notch sensi t ivi ty ,  

l 
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TABLE 

6. 77 0 . 2 7 3  

7 . 4 9  0 . 3 0 9  

4.  56 0.  184 

4. 87 0 .  114 

1. 98 0 . 0 5 4  

B-5. SURVEYOR TANK DATA SUMMARY 

2 6 . 3 9  2 7 . 0 4  

3 6 . 4 5  3 7 . 3 9  

8 .  0 5  9 . 1 8  

5. 60 6. 66 

0 . 4 4 0  0. 540 

Opera t ing  
Volume,  P r e s s u r e ,  

cub ic  inches  ps ig  

1298 5175 

1752 5175 

398 5000 

478 3450 

33 I 3181 

Med ium 

He 

He 

He 

N2  

c o 2  
G a s e o u s  

N u m b e r  
of T a n k s  

2 4  

23  

25 

19 

10 

P e r c e n t  
Above  

T h e o r e t i c a l  
M i n i m u m  

Weight 

2 . 4 7  

2 . 5 8  

14. 05  

18. 91 

2 2 . 7  

NOTES: 1 )  Al l  t a n k s  a r e  s p h e r i c a l  and  f a b r i c a t e d  f r o m  6A1-4V t i t an ium.  

2 )  Re fe rence :  F. W. A n d e r s o n ,  " Implemen ta t ion  of High Rel iab i l i ty  Ob jec t ives  of 
S u r v e y o r  P r e s s u r e  V e s s e l s " ,  A m e r i c a n  Soc ie ty  of M e t a l s  Techn ica l  
Repor t  C6-2. 1 ,  1966. 

Ardeformed p r e s s u r e  ves se l s  have been used quite extensively in 
s pac e c raft  sys t ems  ; t h r e  e example s a r e  : 

Organization P r 0.g ram A D d i  c a t  ion 

Lockheed MSC Agena Oxygen s to rage ,  
10 ,000  psi  

Hamilton Apollo Backpack Oxygen s to rage  
Standard/  UAC 

NASA MSC Gemini C C 0 2  bottle,  5600 psi  

Filament wound p r e s s u r e  ves se l s  have been under  development f o r  s e v e r a l  
y e a r s ;  however, successfu l  application in  s y s t e m s  has  not been ex tens ive .  
T h e r e  has been and continues to b e  cons ide rab le  i n t e r e s t  in  filament-wound 
ma te r i a l s  because  of the theore t ica l ly  high s t rength- to-weight  ra t ios ,  g r e a t e r  
than 2 . 5  x 10 6 inch .  

This high s t rength- to-weight  ra t io ,  which can b e  demonst ra ted  f o r  
s imple  s t ruc tu res ,  has not  been r ea l i zed  in  ac tua l  v e s s e l  design because ,  in 
t ransforming  the m a t e r i a l  into a p rac t i ca l  tank, cons iderable  weight is added 
by s t i f feners  and additional m a t e r i a l  buildup a t  por t s  and a t tachment  fi t t ings,  
by the adapter  f langes f o r  por t s ,  and b y  the  additional wal l  thickness  requi red  
to achieve acceptable  p r e s s u r e  cycling l ife.  When additional m a t e r i a l  thick- 
n e s s  and s t i f feners  a r e  added to  compensa te  f o r  t hese  p rac t i ca l  l imitat ions,  
a m o r e  representa t ive  value, obtained b y  compar ing  ac tua l  filament-wound 
tank bu r s t  s t rength  and tank weights with a n  equivalent t i tanium tank, would 
b e  the 1 ,  330, 000 l is ted in  Table  B-6 .  
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TABLE B-6.  STRENGTH-TO-WEIGHT RATIOS 
O F  TANK MATERIALS 

M a t e r i a l  
Yield Strength,  

ps i  
Densit  b /  1 Strength -to -Weight 

Ratio 

Ti tanium (6A1-4V) 

A r d e f o r m e d  301 
s t a i n l e s s  s tee l  
(aged)  

Filam ent-wound 
epoxy composi te  

145, 000(1) 

300, 0 0 0 ( 2 )  

2 0 0 ,  O O O ( ~ )  

0.  16 

0.  2 8  

0. 075 

905 ,000 

1 ,  070 ,  000 

2 ,  670, 000 ,  
1 ,  3 3 0 ,  ooo(4) 

NOTES: 1 )  

2) 

3 )  

4)  

MIL Handbook 5. 

"High P e r f o r m a n c e  P r e s s u r e  Vesse ls" ,  Report  P-30715E,  
A r d e - P o r t l a n d ,  I n c . ,  P a r a m u s ,  N. J . ,  May 1964. 

"Fi lament  Wound P r e s s u r e  Vessels" ,  Advanced S t r u c t u r e s  
Division, Whittaker Corporat ion,  La M e s a ,  Cal i fornia .  

Although t h e  m a n u f a c t u r e r s '  l i t e r a t u r e  on f i lament  wound 
s t r u c t u r e s  would indicate  a 2 ,  670, 000 s t rength- to-weight  
r a t i o  f r o m  yield s t rength  and m a t e r i a l  dens i ty ,  i f  t h e  
t e s t  burs t  s t rength  and weight of actual  off - the -shelf 
t a n k s  a r e  used the  1 ,  330 ,  000 p s i  ra t io  is m o r e  useful a s  
a d i r e c t  c o m p a r i s o n  with meta l l ic  tanks .  

F i l a m e n t  wound v e s s e l s  usually r e q u i r e  e l a s t o m e r i c  o r  m e t a l l i c  film 
l i n e r s  b e c a u s e  the b a s i c  epoxy she l l  i s  very  p e r m e a b l e  to  m o s t  g a s e s .  With 
l i n e r s ,  l e a k  r a t e s  of l e s s  than 0 . 0 5  c c / h r / i n  
b e  achieved .  
b e c a u s e  of v a p o r  expansion of the w a t e r  a t  high al t i tude p r e s s u r e s ,  resu l t ing  
in small f i s s u r e s ,  and in s o m e  c a s e s ,  with the combined effect  of p r e s s u r e  
cycling, in a c t u a l  tank f a i l u r e s .  Mi l i ta ry  s tandards  have been establ ished 
f o r  f i lament  wound v e s s e l s  (MIL-T-2536B) and a t  l e a s t  one m a n u f a c t u r e r ,  
Advanced S t r u c t u r e s  Division of Whit taker  Corpora t ion ,  has m e t  t h e s e  m i l i -  
t a r y  s t a n d a r d s ;  the G e n e r a l  Dynamics F-111 a i r c r a f t  p resent ly  employs 

has  p r e v e n t e d  the widespread  use  of such  v e s s e l s ,  and f u r t h e r  development 
is  r e q u i r e d  b e f o r e  they a r e  cons idered  s t a t e - o f - t h e - a r t .  

of i n t e r n a l  s u r f a c e  a r e a  can  
Water  absorpt ion in the epoxy has  a l s o  c r e a t e d  problems 

I s u c h  t a n k s .  However,  the manufactur ing var ia t ions of f i l ament  tanks s t i l l  
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F r o m  the  above  c on s ide r a t ions  , c ryog en i  c a l l y  f o r m e  d ( "A r d ef o r m e  d ' I )  

s t a i n l e s s  s t e e l  t anks  a r e  p roposed  as a s t a t e - o f - t h e - a r t  b a s e l i n e  des ign  
m a t e r i a l  f o r  the  n i t rogen  s y s t e m .  
y e a r s  away, however ,  the  technology of f i lament-wound t a n k s  should  b e  
r e -eva lua ted  b e c a u s e  t h e  r e l i ab i l i t y  m i g h t  b e  suf f ic ien t ly  i m p r o v e d  t o  m a k e  
the  weight  s av ings  a t t r a c t i v e .  

If the  p roposed  appl ica t ion  is  s e v e r a l  

T h e  n i t rogen  s y s t e m  b a s e l i n e  des ign  s u m m a r y ,  Tab le  B-2, inc ludes  
A r d e f o r m e d  t a n k s ,  using a 2 . 2  t i m e s  u l t ima te  s t r e n g t h  s a f e t y  f a c t o r ,  and a 
3 p e r c e n t  a l lowance  f o r  mount ing  lugs  and b o s s e s .  
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APPENDIX C. SUPPORTING ANALYSES - HYDRAZINE 
CATALYTIC PLENUM SYSTEM 

Two general  approaches may be taken to the design of a hydrazine 
catalytic decomposition plenum: 
makes use  of a large fraction of the thermal  energy re leased  in the decom- 
position reaction, o r  a l a rge r  system made m o r e  reliable by dissipation of 
heat before the gas reaches a valve. A reliability a s ses smen t  indicates a 
preference for low gas temperature ,  pr imari ly  because of the lower r e l i -  
ability of hot gas  valves. 

a high efficiency insulated system that 

If only the attitude control function were required,  no option would 
The control pulses a r e  s o  smal l  and infrequent that  the propellant gas exist. 

downstream of a 10-foot line would be at ambient tempera ture  r ega rd le s s  of 
the system design. 
ammonia dissociation to obtain better I 
the l ines ,  and the l ines themselves  woufc?be placed i n  good thermal  contact 
with the solar panels o r  positioned to receive solar  illumination. 

The gas generator  would be designed for maximum 
and avoid liquid condensation in  

If hot gas valves were  tolerable,  the s teady-state  operation required 
for maneuvering would offer an opportunity for  a performance improvement 
over ambient propellant gas. With a properly designed catalyst  bed and 
well-insulated l ines,  i t  would be possible, in principle, to approach the 
230 t lbs -sec / lbm attained by conventional catalytic engines. In practice,  
however, an insulated line could not be used unless hea ters  were  employed 
to keep the line a t  a reasonable temperature  during off periods. One a l t e r -  
native would b e  to expose the feed line to solar radiation, as  stated above. 
Note that the line probably cannot be tied to the solar  panel because of high 
heat flux to the solar  cel ls .  
t empera tu re  might be maintained in  the 400 to 1000°F range,  with maximum 
specific impulse in the vicinity of 200  lbf-sec/lbm. 

A rather  optimistic es t imate  indicates that 

Despite the potential gain in  performance, a hot gas system i s  not 
recommended for  two important reasons.  
can opera te  re l iably a t  m o r e  than a few hundred degrees  and has good to le r -  
ance for  the particulate contamination resulting f r o m  catalyst  attrition. 
Also, f i l t e r  requirements  a r e  difficult f o r  very hot gas. Secondly, for 
extended s teady-  s ta te  operation, higher performance can be  obtained f rom 
individual conventional liquid hydrazine monopropellant t h rus t e r s  with l i t t le,  
if any, i nc rease  in  sys tem weight and l e s s  r i sk  than the hot gas system with 
a l e s s e r  number of catalyst  beds (perhaps only one). 

F i r s t ,  no valve i s  available that 

A detailed l is t  of components and weights i s  shown in Table C-1. 
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THRUSTER DESIGN 

Both the nitrogen and hydrazine plenum sys t ems  must  provide the 
same degree  of spacecraf t  control. Because of the general  s imilar i ty  to the 
nitrogen sys t em in flow pa rame te r s ,  an  expansion ra t io  of 100 was  also used 
for  the hydrazine plenum system. 

The effects of th rus t  and chamber  p r e s s u r e  on throa t  d iameter  were  
It i s  seen that  an opera-  

The r e su l t s  of a 
determined; the r e su l t s  a r e  shown in Figure C-1. 
ting p r e s s u r e  of 50 psi  i s  sat isfactory for  this application. 
study of var ia t ions in NH3 dissociation on nozzle s ize  a r e  shown in F igure  
C-2;  fo r  a selected throat  d iameter  ( thrus te r ) ,  a 100 percent  var ia t ion in 
NH3 dissociation would cause  a 10 percent  variation in  th rus t  level. The 
catalyst  bed degradation r a t e  will cause variations i n  the degree  of NH3 
dissociation throughout the mission,  although the bed may be designed to 
minimize th i s  effect. ' More experimental  information i s  needed in this  drea.  

THRUSTER VALVE DESIGN 

A s  noted previously, f a s t  opening and closing t i m e s  a r e  necessa ry  
to mee t  the repeatable  impulse bit requirement.  
(effective flow a r e a s )  a l so  h a s  an effect on the impulse bit; i. e . ,  a rapid 
th rus t  buildup requi res  that  the r a t e  of flow into the th rus t  chamber  be much 
g r e a t e r  than the r a t e  of flow out through the nozzle throat.  
shown that  th i s  r a t e  is  a function of the relative flow a r e a s  (Ao/At) and the 
specific heat  ra t io  of the gas. ::: 
of a p a r a m e t e r  "B", which h a s  been experimentally cor re la ted  with chamber  
p r e s s u r e  r i s e  ra tes .  
Suggested design values l i e  between 5 and 10. 
(i. e . ,  the valve s ize)  r equ i r e s  additional information on high t empera tu re  
valves. 

The s ize  of the valve 

It h a s  been 

A relationship h a s  been derived in  t e r m s  

The equation and resul ts  a r e  shown in F igu re  C-3. 
Selection of the value of "B" 

To de termine  the minimum allowable sys tem tempera ture ,  the pos- 
sibility of ammonia condensation upstreaiil of the th rus t c r  valve was investi- 
gated. In the event of g a s  cooling during nonfiring per iods,  anyundissociated 
NH3 may condense in the line. 
during t h r u s t e r  operation with associated thrus t  instabil i t ies.  
percent  concentration of NH3 i s  known f o r  any degree  of dissociation, the 
relat ive vapor  p r e s s u r e  may be determined. 
ammonia wil l  begin to condense may be found in F igure  C - 4  and places  a 
limit on the low t empera tu re  of the system. (The exception, of course ,  i s  
the c a s e  of complete NH3 dissociation, which i s  not temperature- l imited by 
NH3 condensation. ) 
emphasized that  these r e su l t s  do not determine the valve o r  sys tem t empera -  
t u re ,  only the  lower l imits .  
f o r m a n c e  i s  shown in F igure  C-6. 

This could resu l t  in unstable,two-phase flow 
Since the 

The t empera tu re  at which this  

Resul ts  a r e  presented in F igu re  C-5. It should be 

Influence of ammonia dissociation on per -  

.b -4- 

H. G r e e r  and D. J. Griep,  "Dynamic Per formance  of Low Thrus t  Cold Cas  
Reaction J e t s  in  a Vacuum, I t  SSD-TR-66-180, August 1966. 
in Appendix B. 

See discussion 
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Small amounts of w a t e r  or iginal ly  present  in the propel lant  and 
unreac ted  hydrazine wil l  a l s o  ex is t  in  the  g a s  dis t r ibut ion system. Exper i -  
menta l  determinat ion of the amounts  present  i s  r e q u i r e d  t o  evaluate the 
sever i ty  of water  and hydraz ine  condensation. It i s  thought, however,  that 
t h e r m a l  conditioning of the dis t r ibut ion s y s t e m  t o  a t e m p e r a t u r e  above t h e  
dew point, o r  at l e a s t  the f r e e z i n g  point of hydrazine,  mould be m o s t  
des i rab le .  See the d iscuss ion  on t h e r m a l  conditioning in Appendix H. 

PLENUM DESIGN 

A p r e l i m i n a r y  ana lys i s  h a s  been made f o r  cooling within var ious ly  
s ized  p lenums.  In o r d e r  t o  s e t  a bound on avai lable  cooling, it was a s s u m e d  
that g a s  f r o m  a genera tor  having 100  percent  a m m o n i a  dissociat ion ( i .  e . , t h e  
coolest  composi t ion)  could be introduced with sufficient turbulence t o  a c c o m -  
p l i sh  rap id  and  complete  mixing. 
plenum wall  was a s s u m e d  infinite. C u r v e s  2 ,  3 ,  and 4 in F i g u r e  C-7 show 
the predic ted  g a s  exit  t e m p e r a t u r e s  for  flow r a t e s  between full r e t r o  r o l l  
cont ro l  and at t i tude pulse  operat ion when plenum e m i s s i v i t y  is 1. 0 .  
r e a l i s t i c  condition is  curve  1 ,  f o r  which plenum emiss iv i ty  was  0 .  7. 
c a s e s  the plenum was  a s s u m e d  half radiating to  space  and half insulated.  
Details of the calculat ions are given at the end of the Appendix. 

It i s  s e e n  tha t  flow r a t e  may have a v e r y  substant ia l  effect  on g a s  
exit t e m p e r a t u r e  and, at high flow r a t e s ,  a v e r y  l a r g e  plenum would be 
r e q u i r e d  f o r  l a r g e  t e m p e r a t u r e  drops.  Consequently, the aforementioned 
feedl ine ana lys i s  i s  i m p o r t a n t  f o r  the present  calculat ions.  It i s  thought 
that  the r e s u l t s  of F i g u r e  c - 7  are at l e a s t  reasonable .  JPL r e p o r t s  t h a t  
an exis t ing exper imenta l  plenum 1 5  inches  in  d i a m e t e r ,  when operated at a 
flow r a t e  of 2 x 1 0 - 3  I b / s e c ,  gave a plenum t e m p e r a t u r e  of about 1 7 0 ° F  a f t e r  
30 seconds  continuous f i r ing.  
conditions w e r e  c o m p a r a b l e  with the  calculated radiat ion cooling conditions, 
F i g u r e  C- 7 would p r e d i c t  similar t e m p e r a t u r e s .  

The heat t r a n s f e r  coefficient f r o m  g a s  to  

A m o r e  
In a l l  

If the  convective cooling of the labora tory  

The cbjcct  of all t h e s e  calcul=.tions w a s  to  es tab l i sh  reasonable  
bounds on achievable  t e m p e r a t u r e  so tha t  minor  adjustment  of t h e r m a l  
management  could, in fac t ,  produce the required conditions. It is, however ,  
evident  that a n  exper imenta l  p r o g r a m  is absolutely n e c e s s a r y  to  produce 
opt imum functional hardware .  

The p lenum c h a m b e r  is cal led upon t o  provide two functions during 
s y s t e m  ope ra t ion :  

1 )  Maintain t h r u s t e r  supply p r e s s u r e  a t  a n  acceptable  level  during 
pulse  mode  operat ion.  

2) Limit s y s t e m  p r e s s u r e  r i s e  a f t e r  the liquid hydrazine feed valve 
c l o s e s .  

Analys is  of these  two functions (detailed l a t e r )  resu l ted  in F i g u r e s  
C - 8  and C-9.  
m o d e  condition which, as shown in  F i g u r e  C-8 ,  is not s t rongly dependent 
on  the d e g r e e  of NH 

The f i g u r e s  show that  plenum s ize  is de te rmined  by the pulse  

dissociat ion.  3 
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It i s  seen that  the above requirements  a r e  satisfied by a plenum of 
only a few inches in  diameter .  However, th i s  i s  a prac t ica l  design only i f  
components and ma te r i a l s  of construction a r e  available that will allow gen- 
eration of gas  on demand a t  o r  nea r  the hydrazine adiabatic decomposition 
temperature .  It i s  improbable that a suitable valve o r  f i l ter  will be found 
f o r  opera t ion  n e a r  I8nO" F. Csnse-,uent!y, it i s  l i ke ly  that g a s  teiiipei-aiure I 

will have to be reduced to  a tolerable  level by reradiat ion of heat  f r o m  the  
line, storage of a l a rge  quantity of cool gas  in the plenum, o r  both. The 
l a r g e  thrus t  increments  required during commanded turns ,  midcourse,  and 
r e t r o  maneuvers  would requi re  a l a r g e  inc rease  i n  plenum s ize  and weight 
in order  to  l imit  the maximum valve t empera tu re  to a few hundred degrees .  
Analysis of such designs could be undertaken af ter  the tolerable  t empera -  
t u r e  range is bet ter  defined. 

THRUSTER FEED LINE DESIGN 

A steady-state  heat t r ans fe r  analysis  of the th rus t e r  feed l ine a t  

Resul ts  a r e  shown in  F igure  C-10. 
high ( r e t ro  phase) flow r a t e s  shows negligible heat  t r a n s f e r  f r o m  the gas  
to  the surroundings. 

With the above information (i. e . ,  negligible heat  t r a n s f e r )  the p r e s -  
s u r e  drop in the l ine was  recalculated a t  high flowrate using "Fanno Flow" 
thermodynamics.  It i s  seen that 
the p r e s s u r e  l o s s e s  a r e  acceptable f o r  this  s ize  l ine,  e. g . ,  a plenum p r e s -  
s u r e  of 75 psia will a l l owgrea te r  valve l o s s  of 12 psi. 

These r e su l t s  a r e  shown in F igure  C-11. 

A s teady-state  heat  t r ans fe r  analysis  of the plenum chamber  h a s  
Consequently an a l so  shown negligible heat  t r ans fe r  a t  high flow ra tes .  

adiabatic t rans ien t  analysis  of the plenum tempera tu re  and p r e s s u r e  h is tory  
was performed. The r e s u l t s ,  shown in F igure  C-12, indicate that the gas  
outlet t empera ture  r i s e s  rapidly even in la rge  plenums which s t a r t  a t  s ta t ic  
equilibrium conditions (522.F). 

Thus, for  the "on" t i m e s  under  consideration, the u s e  of a l a r g e  
plenum will not significantly reduce g a s  t e m p e r a t u r e s  at the t h r u s t e r  feed-  
l ine outlet. Accompanying the t empera tu re  var ia t ion in the plenum i s  a 
t ransient  p r e s s u r e  fluctuation (F igu re  C-12a).  This p r e s s u r e  su rge  of 
approximately 12 ps i  i s  within the *20 percent  var ia t ion specified. 

The t rans ien t  t empera tu re  h is tory  of the  t h r u s t e r  feedline and the 
corresponding gas  t empera tu re  at the inlet  to  the t h r u s t e r  were  computed 
using the t rans ien t  r e su l t s  obtained f o r  a 24-inch d iameter  plenum (F igure  
C-12). although the 
l ine tempera ture  initially lags  the g a s  t empera tu re ,  within 200 seconds they 
a r e  very close. This means  that  components (valves. and f i l t e r s )  capable of 
withstanding high t e m p e r a t u r e s  mus t  be used  f o r  these  flow conditions. 

The r e su l t s  a r e  shown in  F igu re  C-13 and show that,  
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It is  concluded that without exotic heat t ransfer  devices the system 
produces high-exit t empera tures  a t  high flow r a t e s  and cannot be recom-  
mended for  these requirements;  however, the gas  cooling available at low 
flow ra t e s  i s  adequate to  allow use  of state-of-the-art  component designs. 

CATALYST BED DESIGN 

An analysis of the catalyst bed s ize  was a l so  per formed using data 

Figure C-14a shows that bed s izes  become excessive a t  high p e r -  
supplied by Rocket Research  Corporation. The resu l t s  a r e  shown in F igure  
C-14. 
centages of ammonia dissociation; 80 percent dissociation may be the p rac -  
t ical  upper limit. 
shown in the previous figures mus t  be tolerated. 
p r e s s u r e  drops through the beds a r e  nominal, and small  compared with the bed 
injector p r e s s u r e  drop (50 psi). 

In this event,  somewhat higher tempera tures  than those 
Figure C-14b indicates that 
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DERIVATION OF EQUATIONS USED TO PRODUCE FIGURES C-1 
THROUGH C-13  

F igures  C-1 through C-6  a re  either adequately explained in the text 
or have obvious governing equations. The remainder  of the f igures  a r e  
explained in the following p r a g r a p h s .  

Figure C-7  - Gas Cooling in Plenum Versus Radius and Gas Flow Rate 

A steady-state heat balance on the plenum wall gives (Reference 1) :  

q(in-gas) t d in- rad ia t ion)  = q(out-radiation) (1)  

where 

and 

- 
q(in-gas)  = hA.(T - T W ) 1 g  

q (in- radiation) 

q(out-radiation) 

aSFSGSAS 

- 4  
coASTw 

( 3 )  

(4) 

To promote gas cooling and therefore  component life, baffles o r  f ins  
a r e  assumed to be used to maximize the gas to plenum heat t ransfer  coef- 
ficient. It follows then that the wall t empera ture  would be close to the 

' average gas temperature  and 

T g l  Tg2 
2 T = T where T = 

g W g ( 5 )  

The energy given up by the gas  in  flowing through the plenum i s  . 
q(in-gas) = W C (T - Tg2) ( 6 )  

g g g l  

If the plenum views the sun, FS i s  0. 5 ;  i f  not, FS i s  0. 
the radiation heat input f r o m  the sun  has  been found to have a negligible effect 
on sys tem operating temperature .  
hence,  the initial t empera ture  for  the t rans ien t  studies a r e  affected. 

In the present  ca se ,  

Only the nonoperating tempera ture  and, 
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Combining these assumptions with Equations 1 ,  3, 4, 5, and 6 

i 4  ( 7 )  

This equation was solved by i terat ion for T 
var iables  shown in Figure C-7. 

over the range of independent 
g l  

F igure  C-8 - Plenum Size fo r  Pulse  Mode Operation 

The minimum plenum size i s  that which can deliver at  l eas t  one pulse 
Since thrust  is directly pro - I 

I 

without violating the allowable thrust  variation. 
portional to p r e s s u r e ,  the p re s su re  a t  pulse termination must  be at leas t  
80 percent of the initial value, i. e . ,  

Pmin' Pini t ial  = 0.80 (8) 

This l imit  will resul t  in a very small tempera ture  change within the 
system. Consequently, an  isothermal  process as sumption i s  valid. 

The init ial  plenum gas weight i s  given by 

p g 2 v  W = -  
& 2  

where 

and the final gas weight is 

and 

' = 'plenum + 'line 

Solving Equations 9, 10, 11, and 1 2  simultaneously, 
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where T is established by the percent of ammonia dissociation and the other 
independent var iables  l is ted in Figure C-8. 

In a pract ical  sys tem,  heat t ransfer  very likely will resu l t  in a 
plenum gas tempera ture  lower than the adiabatic flame temperature .  
this event the rn l in i~~~r ; ?  s ize  plenum wiii be even sma l l e r  than that shown in 
Figure C-8, since gas volume i s  directly proportional to tempera ture  while 
specific impulse decreases  a s  the square root of temperature .  

In ' 

Figure C-9 - Plenum Size to Limit P r e s s u r e  Overshoot a t  Gas 
Generator Cutoff 

This is very s imi la r  to the preceding analysis,  except for  the inde- 
pendent pa rame te r s  l isted in  the figure. 
overshoot will be a function of the par t icular  generator selected and i s  best  
determined by experiment. 
t e s t  data and a r e  thought to be typical of a wide variety of generators .  
However, since the plenum contributes a minor portion of the total sys tem 
weight, a 2-foot diameter  plenum was selected for the final design i n  o r d e r  
to provide a la rge  margin  of safety. 

The actual amount of gas generator  

The calculations shown h e r e  were  based on such 

Figure C-10  - Steady-State Heat T rans fe r  F rom Nozzle Feed Line 
(High Flow Rates)  

Performing a heat balance on the line: 

Heat f l u x  f r o m  flowing gas t heat  flux from solar  input = heat flux 
radiated to space o r  

- 
hAA. (T - T W ) t ASFSGSAAou = CUT W 4AA ou 

1 g  

where the gas and wall t empera tures  may be related by a heat balance on the 
fluid, i. e . ,  the heat flux f r o m  the gas  equals the flux into the wall;  o r  

- 
Q in - Q out = hAAi(Tg - Tw) 

g !z 

o r  

- T ) t 6 C (T - T g 2 )  ( 1 5 )  
W g g g l  

W C T  = ' 1 ; T C T  = hAAi (Tg  
g g g l  g g 8 2  

where is  assumed to be 
g 

T g l  + 5 2  
2 T =  

g 
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which is a good est imate  for  short  l ines but approximate for  a long line. 
Substituting Equation 15 into Equation 14, 

Solving Equation 15  for  T 
W’ 

2 w  c 2& c 
= 1 / 2  - a hAAi)’ ‘ g 2 C t  T)] 

and substituting into Equation 17, 

* Jk g c g (T g l  - T 82 ) t ASFSGSAAou = €UAou I 1 / 2  [ T g l (  - 2’gcg) hAAi 

The only unknown in  the above equation i s  T 2, the gas outlet t empera-  
t u r e ;  however,  because of the f o r m  of the equation,git mus t  be solved either 
by i terat ion o r  graphically. 
long l ine,  Equation 19 may be put in the form 

To get an  estimate of the heat t ransfer  f r o m  a 

W C ( T  g 8 g l  - T  82 ) t A F G A  s s s o u  = €uAou 11/2 [ T g l  (1 - ‘Wgcg) 
hAAi 
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The heat t r ans fe r  coefficient was found f rom the Reynolds analogy 

where region of analogy validity and friction factor were  determined f r o m  
the appropriate Reynolds number (Reference 2) .  

Figure C-11 - Thrus te r  Feed System P r e s s u r e  Loss 

The procedure used to generate this curve (Reference 3 )  i s :  

Assume steady-state plenum pres su re .  

Calculate gas propert ies  a t  inlet to line. 

Compute line inlet Mach number. 

Find exit Mach number and corresponding p res su re  f r o m  
"Fanno" thermodynamic tables. 

Determine the line p r e s s u r e  drop  a s  the difference in p r e s s u r e  
between line inlet and exit. 

Determine the difference between line exit p r e s s u r e  and 50 psia 
(the des i red  th rus t e r  chamber  p re s su re ) ,  i. e. , the allowable 
valve p r e s s u r e  drop. 

Figure C-12 - Adiabatic Plenum Transient  Response and P r e s s u r e  History 
Versus Plenum Size at High Flow Rate 

The plenum chamber gas i s  assumed to b e  a t  equilibrium with the 
plenum at a tempera ture  of 552°F. 
incoming hot gas mixes uniformly and completely with the init ial  gas. 
appropriate tempera ture  history is der ived f r o m  a m a s s  balance: 

The gas  generator  i s  activated and the 
The 

Energy a t  any t ime (E(t) ) = Initial energy (E(0) ) 

t Energy In (E(1)  ) 

- Energy Out (E(2) ) 
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where 

E( t )  = Wgtotal (t)C g T g 

~ where for  complete mixing 

Combining Equations 22  through 27 and solving fo r  Tg2 (C = constant): 
g 

W o T  t W ,T , A t  
T =  

82 Wgo t WglAt 

This equation is parameterized in  Figure C-12a with the independent 
variables l is ted thereon. The plenum s i z e  determines the initial gas 
weight, W 

go’ 
The corresponding pressure  history is determined from 

t W ,At - W A t )  R T 
- (wgo g2  8t g2  

V 
P 

Pt - 

where the exit flow, W is found f rom 
82’ 
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where S S  subscript denotes steady- state conditions. 
compensates for variations in thruster  flow rate  a s  pressure  and tempera-  
ture  change. 

The above equation 

The final equation i s  

This equation is parameterized in Figure C-12b f o r  the same conditions as 
listed in Figure C-  12a. 

, 

Figure C-13 - Adiabatic Line Transient Response at  High Flow Rate 

The general transient heat balance on the line i s  

Heat flux f rom gas t radiation heat input f rom sun - radiation 
loss  to deep space - conduction loss  to supports and connecting 
components = heat storage in line 

The previous analyses have shown that radiation has  a negligible 
effect at  steady-state conditions (i. e. , high operating tempera tures) ;  conse- 
quently i t  will have even l e s s  influence at  the lower transient temperatures  
and will be neglected. In addition, it i s  assumed that the line is well insu- 
lated from the supports, again producing negligible heat loss.  
equations a r e  then: 

The governing 

Heat flux f r o m  gas = heat storage in the line, 

o r  

- 1  - 
A t  hA.(?; - T  ) = W C 1 g  W w w  

A double averaging technique was used in which the line temperature  i s  
averaged over both the segment length and a t ime interval,  A t .  
nique is exact for  smal l  line segments and short  time intervals and approxi- 
mate for  other conditions. Then: 

This tech- 

\ - 
g = 1’4 (Tglo g20 T g l t  Tg2 t )  

w l t  + Tw2t) 
T = 1 / 4  ( T l o  t TwZO t T  

W 

(33) 

(34)  
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However, f o r  infinite segment mater ia l  conductivity (i. e. , high relative to 
gas):  

= T  - - TwZO and T 
Tw 10 w l  t w2t 

o r  

The above se t  of equations contains two unknowns, Twt and T 2 A g t' ' third equation is therefore  required: 

Using appropriate  nomenclature,  

- Tgl@ i- Tglt 
2 T =  

g l  

and 

Tg20 + Tg2t 
2 T =  

g2  

( 3 7 )  

Solving Equations 32 through 38 for  Tg2t, 

where  the segment  inlet t empera tures ,  T g l ,  a r e  equal to the plenum outlet 
t empera tu res  previously computed,and the init ial  wall t empera ture  is  found 
f r o m  Equation 40 which may be obtained by rear rangement  and substitution 
of Equation 36: 
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The above equations may be simplified, a s  appropriate ,  by the 
substitution of Reynolds analogy, a s  explained ear l ie r .  The resu l t s  f o r  
a 12-inch radius diameter  plenum a r e  shown in  Figure C- 13. 
divided into five segments with the gas outlet conditions of one segment being 
the inlet conditions for  the next. 
purpuses of this study; however, in the event detailed design studies a r e  
required,  the above equations should be programmed so that sma l l  segments 
and time intervals  may be conveniently handled. 

The line was 

This procedure was sat isfactory f o r  the 

Figure C-14 - Catalyst Bed Character is t ics  Versus Percent  of NH3 
Dissociation 

These curves were  derived directly f r o m  data presented by Rocket 
Research Corporation (Reference 4). 
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NOMENCLATURE 

A = area 

a. = solar absorptivity 

C = heat capacity 

d = diameter 

f = friction factor 

FS = solar view factor 

S 

GS = solar flux 

h = heat transfer coefficient 

h ln  = logarithmic average heat transfer coefficient 

A 1  = line segment 

P = pressure 

P = Prandtlnumber r 

9 =  
R =  

T =  

T =  

t =  

v =  
w =  
w =  
6 =' 

a =  

heat flux 

gas constant 

temperature 

average temperature 

time 

volume 

weight 

mass flow rate 

emissivity 

radiation constant 

Subscripts 

g = gas 

i = internal, 

ou = outer 

t = a t t ime t 

w = wall 

0 = at time 0 

p = plenum 

c-21 



APPENDIX D. .SUPPORTING ANALYSES - 
VAPORIZING LIQUID SYSTEMS 

Regardless  of the propellant selected, two major  problems a r e  
encountered in vaporizing liquids. F i r s t ,  heat of vaporization i s  usually 
substantial and must  be provided by creation of new thermal  energy o r  f r o m  
sensible heat somewhere in the vehicle. Second, control of liquid position, 
especially during the heat exchange process ,  i s  complicated by the absence 
of a gravitational field, particularly during commanded turns. 

BATTERY SYSTEM 

h the ear ly  phases  of the study it was noted that waste heat pro- 
duced by the subsystem o r  solar  illumination, while potentially adequate to 
vaporize the required quantity of liquid, could not be supplied a t  an adequate 
ra te  fo r  the major  maneuvers.  
spacecraf t  s t ruc ture  o r  by means of a practical  weight of additional metal. 
Consequently, the f i r s t  system examined was an electrically heated vapor- 
izer .  
were  required.  

Neither could the heat be stored in the 

Because of the high peak power demanded by the hea ters ,  bat ter ies  

Calculations were  made for  both ammonia and propane propellants. 
Because propane proved to be the better choice, that sys tem will be 
descr ibed in detail. 

The thermodynamic processes  involved in the ideal sys tem a r e  
i l lustrated in F igure  D-1. 
vapor p re s su re .  
diagram) cons is t s  of an isothermal  vaporization of the liquid in  the vapor- 
i z e r  ( 1  to  2 ) ,  an isenthalpic expansion (2  to  4) of the saturated vapor f r o m  
the vapor p r e s s u r e  at  6 3 ° F  down to 50 psia, and an isobaric  superheating 
of the g a s  back to ambient temperature.  Since enthalpy i s  a s ta te  function 
it i s  acceptable,  f o r  computational purposes, to substitute path (2-3-5) fo r  

The start ing point i s  liquid at  63O.F under i t s  
The cycle utilized by the proposed system (1-2-4-5 on the 

(2-  4- 5). 

Propane  has  a heat  of vaporization of 152 Btu/lb a t  63°F. The 
change in  enthalpy f o r  the saturated vapor, on path 2 to 3, i s  -14. 4 Btu/lb. 
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The t e m p e r a t u r e  at point 3 i s  1 5 " F ,  and the specific hea t  of propane g a s  i s  
approximately constant  at 17. 7 Btu/ lb  mole  O F .  

f o r  ( 3  to  5) is: 
Hence the  enthalpy change 

1 17. 7 Btu/ lb-mole-"F x (63-14. 6 ) " F  x a  l b / l b - m o l e  = 19. 5 Btu/ lb  

The enthalpy change f r o m  1 t o  5 i s  t h e r e f o r e  157 Btu/lb. 

Since t h i s  s y s t e m  suppl ies  g a s  t o  the t h r u s t e r s  at constant  conditions 
(50 psia ,  6 3 " F ) ,  the specif ic  impulse  wil l  not change o v e r  the miss ion .  The 

, specific i m p u l s e  of propane is  ,73. 6 seconds (vacuum, E = 100). Hence, f o r  
a single plenum propane s y s t e m  with r o l l  control  capabili ty,  W p  = 5800 lb-  
sec/73.  6 second = 78. 8 pound. 

If t h e  m a x i m u m  p e r m i s s i b l e  prelaunch t e m p e r a t u r e  i s  110" F, then 
the  densi ty  of liquid propane,  28. 85 lb/f t3 ,  yields  a propel lant  volume of 
2. 73 cubic feet .  
g r e a t e r  than  the  m a x i m u m  possible  liquid volume w a s  allowed. 
of the container  is thus  2. 76 cubic feet .  It w a s  a s s u m e d  that the m i n i m u m  
d r o p  a c r o s s  the  regula tor  is 20 p s i .  
cycle  operat ion.  
and it m a k e s  l i t t le  difference whether g a s  or  liquid is removed f r o m  the tank. 
The m i s s i o n  can  thus  be successfu l ly  completed a t  the a s s u m e d  t h r u s t  c h a m b e r  
p r e s s u r e  of 50 p s i a ,  with a tank of gaseous propane at 70 ps ia .  
p e r f e c t  g a s  law,  at a n  ambient  t e m p e r a t u r e  of 63'F, it follows that  the weight 
of g a s  r e q u i r e d  is 1 ,  5 pounds and the total  propel lant  needed is 

A m a r g i n  of s a f e t y  i s  required;  a tank volume one p e r c e n t  
The volume 

The final sequence is 200 days  of limit 
In the c r u i s e  m o d e ,  no power is supplied t o  the v a p o r i z e r  

, 

F r o m  the 

W = 78, 8 t 1.5 

= 80.3 pound 

I te ra t ion  y ie lds  a tank voliime of 2, 80 cubic feet ,  corresponding to. a tank 
r a d i u s  of 0. 87 foot. 

T h e  t a n k  material chosen w a s  6AL-4V Titanium, which has a yield 
s t r e s s  of 160, 000 p s i  and a densi ty  of 0. 161 lb/in3. 
a safety f a c t o r  of 2. 2 and under  m a x i m u m  p r e s s u r e  i s  

The tank th ickness  with 

2* 2PR = 0. 00128 foot t F  2cr 

which is l a r g e r  than the  m i n i m u m  gauge of 0 .001  foot .  
f o r  b o s s e s ,  f langes ,  welds ,  and fi t t ings,  the weight of the tank i s  

Allowing 25 p e r c e n t  

2 
W = 4.rrR t (p x 1728) = 4. 23 pound 
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The next  s t e p  is s iz ing  the b a t t e r i e s .  
urat ion includes a s i l v e r - z i n c  s ingle  shot  b a t t e r y  f o r  r o l l  cont ro l  during 
r e t r o ,  i f  th is  capabili ty is  requi red ,  and a rechargeable  s i l v e r - z i n c  b a t t e r y  
f o r  all o ther  m a n e u v e r s  except  limit cycle  opera t ion .  T h e  amount  of power 
requi red  f o r  a given m a n e u v e r  is  a function of the to ta l  impulse,including 
cross -coupl ing  and the enthalpy change f r o m  inl t ia l  t o  f inal  s t a t e .  
n u m b e r  of wat t -hours  r e q u i r e d  for  the r o l l  control  during r e t r o  is 

T h e  opt imum b a t t e r y  config- 

'The I 

watt-hour  2148 l b - s e c  157 BTU 
7 3 . 6  seconds  X 

l b  
0 . 2 9 3  Btu 

= 1334 wat t -hours  

The  specific power for  the one shot  b a t t e r y  is 3 2 . 5  w - h r / l b .  Including a n  
allowance of a 10 p e r c e n t  s a f e t y f a c t o r ,  the weight 46 .2  pounds.  
maneuvers  f o r  the r e c h a r g e a b l e  b a t t e r y  o c c u r  in the commanded t u r n s  and 
reacquis i t ion of r e f e r e n c e s  j u s t  b e f o r e  and a f t e r  r e t r o .  T h e s e  m a n e u v e r s  
requi re  340 w a t t - h o u r s .  
40 w-hr / lb ,  but combining th i s  with a 50 percent  depth of d i s c h a r g e  yields  
a n  apparent  spec i f ic  power of 20 w - h r / l b .  T h e  weight of the r e c h a r g e a b l e  
b a t t e r y  with r o l l  cont ro l  capabili ty is then 17 pounds.  

The  c r i t i c a l  

The  specif ic  power of a rechargeable  b a t t e r y  is 

The f ina l  s t e p  is the s iz ing of the var ious fixed weights n e c e s s a r y  and 
T h e  weights of the propane s y s t e m  the var ious a r r a n g e m e n t s  of the s y s t e m .  

in  its var ious configurations a r e  given in  Table  D-1 . 
ammonia  a p p e a r s  in  Table  D-2 .  

A similar l i s t ing  f o r  

REGENERATIVE VAPORIZER-HEAT EXCHANGER 

Since the previously d e s c r i b e d  b a t t e r y  s y s t e m s  w e r e  too heavy t o  be 
a t t rac t ive ,  the s p a c e c r a f t  was  examined f o r  o t h e r  s o u r c e s  to supply the 
required vaporizat ion e n e r g y  . 

The s p a c e c r a f t  s t r u c t u r e  itself m a y  b e  cons idered  a hea t  s o u r c e ,  but 
even i f  t e m p e r a t u r e  e x c u r s i o n s  of 1 0 0 ° F  w e r e  p e r m i s s i b l e ,  about 120 pounds 
of a luminum s t r u c t u r e  would be needed t o  supply hea t  f o r  500 l b f - s e c  of 
commanded t u r n s  and about 480 pounds of a l u m i n u m  s t r u c t u r e  t o  provide 
ro l l  control  during r e t r o .  Other  meta l l ic  s t r u c t u r e s  would b e  l e s s  a t t r a c t i v e ;  
e .  g . ,  the weight of t i tanium would b e  210 and 820 pounds respec t ive ly ,  o r  
n icke l  250 and 980 pounds respec t ive ly .  

\ 
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I 
A t  l e a s t  in the ammonia  c a s e ,  t h e  propellant i tself  proved to  b e  a 

Liquid ammonia  has a l a r g e r  heat capaci ty  than m o s t  suitable heat s ink .  
m e t a l s .  Some examples  a r e :  

Mat e rial Cp, c a l / g  " C  

Ammonia 1 . 0 5  . 

Aluminum 0 . 2 1 5  

Ti tanium 0 . 1 2 5  

Nickel  0 .106  

Calculat ions w e r e  m a d e  f o r  the ammonia  s y s t e m  only, although it is  noted 
tha t  o t h e r  propel lants  might prove m o r e  a t t r a c t i v e .  Propane,  w a t e r ,  and 
s e v e r a l  of the F r e o n s  should a l s o  b e  examined.  

I 
Machine calculat ions of the propellant r e q u i r e m e n t s  w e r e  m a d e  

b e c a u s e  of the interdependency of t e m p e r a t u r e ,  propellant specif ic  impulse ,  
liquid densi ty ,  vapor  p r e s s u r e ,  heat of vaporization, and heat capac i t ies  of 
liquid and g a s .  
m e n t s .  A t  t e m p e r a t u r e s  n e a r  the c r i t i c a l  point, rapid changes in s o m e  of 
these  p a r a m e t e r s  m a k e  hand calculations very  difficult. 

T h e s e  p a r a m e t e r s  affect  both propel lant  and tankage r e q u i r e -  

C e r t a i n  assumpt ions  w e r e  m a d e .  First, the c r u i s e  mode  is  not 
affected by tank t e m p e r a t u r e  because  only propel lant  contained in the down- 
s t r e a m  dis t r ibut ion s y s t e m  is used f o r  limit cycle  p u l s e s .  
that  t e m p e r a t u r e  cont ro l  of the distribution s y s t e m  i s  requi red  t o  prevent  
liquid condensat ion.  
would b e  s e l e c t e d ,  probably n e a r  t h e  spacecraf t  s t r u c t u r e  a m b i e n t .  The  
t e m p e r a t u r e  specif ied in  these  calculat ions is 70"  F. 

The d e s i g n  nf a n  eff ic ient  low- o r  zero-gravi ty  heat  exchanger  was  not within 
the scope of t h e  study, but two l imit ing s e t s  of calculations w e r e  conducted 
t o  s e t  bounds on s y s t e m  weights.  
hea t  exchanger  was  en t i re ly  efficient,  and the effluent g a s  was  de l ivered  at 
the highest  poss ib le  t e m p e r a t u r e  consis tent  with adiabat ic  vaporizat ion and 
equi l ibrat ion of the g a s ,  liquid propel lan t ,  and tank. 
s l ight ly  l o w e r  than the or ig ina l  tank t e m p e r a t u r e .  
p u t e r  p r o g r a m  f o r  th i s  g a s  is l i s ted  in F i g u r e  D-2. 
ca lcu la t ions ,  it was  assHmed that  the effluent gas  reached  a t e m p e r a t u r e  no 
h igher  than the equi l ibr ium t e m p e r a t u r e ,  38" F, a t  which liquid a m m o n i a  h a s  
a vapor  p r e s s u r e  of 70 p s i a ,  the p r e s s u r e  downst ream of the first regula tor .  
The tank  h e a t  capaci ty  w a s  a s s u m e d  not t o  contr ibute  t o  the heating p r o c e s s .  
The second p r o g r a m  is l i s ted  in F i g u r e  D-2b. 

It has  been  noted 

It i s  a s s u m e d  that  a t e m p e r a t u r e  wel l  above sa tura t ion  

A second s e t  of assumpt ions  concerns the  vapor izer -hea t  exchanger .  

In the f i r s t  c a s e ,  it was a s s u m e d  that the 

This  t e m p e r a t u r e  is 
The BASIC language c o m -  

In the second s e t  of 

In e i t h e r  c a s e  the  p r o g r a m  starts with a se lec ted  amount  of propel lant  
and in i t ia l  t a n k  t e m p e r a t u r e .  
t ank  weight,  a h i s t o r y  of conditions a t  each point in the m i s s i o n  is compiled.  
By inspec t ion  of s e v e r a l  such  h is tor ies ,  the amount  of propel lant  r e q u i r e d  to 
main ta in  m i n i m u m  p r e s s u r e  at all times is de te rmined  f o r  s e v e r a l  in i t ia l  
t e m p e r a t u r e s .  T h e  r e s u l t s  of the calculations f o r  ammonia  a r e  shown in 
T a b l e s  D-3  a n d  D - 4 .  

After  calculation of the ini t ia l  conditions and 
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1 REM CALCULATES ?BOPELLANT REQUIREMENTS FOR A N  A M M O N I A  VAPORJET. 

5 REM PERFECT HEAT EXCHANGER, ETC,, 
1 I  REM TP1K IS (5AL-4V TITANIUM 
I 1  LET D1=.161 
12 LET S I = 1 , 6 E S  . 
1 3  LET CI=.124R 
1 5  PEAD 11 
16 LET X=INT(I 1/5800) 
17 LET X ? = 1 + 4 2 a / ( T 1 - 5 ~ a ! + ! b ~ / l ~ ~ ~  
IP LET X I  ~1+42f l / ( I1 -566>  
28 READ WBI 
25 REPD Tfl I 

27  DATP 3 6 8 8 , 3 4 , 2 2 f l  
3fl LET T0=(TF+459.69)/1 .U 
31 LET T=T@ 
32 LET J=&l 
35 GOSUP R6PI 1 -  

4@ LET P 6 z P  
58 LET T6~2791 
5 5  GOSUE PFPI 
6pI LET P 6 = P  
65 LET TzTfl 
65 LET P = P 0  
7R 
7F LET V=.0@1*V 
79 LET V=V/17.@1 
80 LET V z W 4 5 3  .'59*WB1/28.3 I6 
85 LET V=l.2*V 
Q @  

I CllB LET TI =? .2*Pb*R1/2/S 1 
1 0 5  I F  TI>.$k'JI THEN 110 
106 LET T I = , f l B I  
I I @ LET 151 =4*3 . 1 4 I 59* R 1 * R I*  T I  *D1* 1 728 
1 1 5  LET W = k l l l  
13.8 PPI  NT "(INTIAL COWDITIONS" 
I30 PP 1 YT" NH3 =" W" LBS" 
140 P F l N T  "P~"P@"PSIA","T="T0*1 .F-459.69"F","V="VaCU FT" , 
ISP) PPIWT 
160 PRIWT "6AL-4V TITAWIUM TANK" 
I 71F PRI NT " l k " 2 * ( R l + T l  1" FT" ," TH="TI* 12" IN" 
I F @  P R I  WT " W = "  W 1  "LFS" 
lP5 LET W l = l . I * W I  
187 P R I N T  "TANK+!@ PERCENT=" W 1  
19fl LET X3=B 
195 PPIWT 
196 P F I N T  

21@ LET E=545*X1 
31 1 LET X3=X3+E 
23@ G W U E  6BB 
23fl P R I N T  "AFTER FIPST CRUISE" I 

248 LET E=f?'3*X? 
241 LET Y3=Y3+E 
25fl  GOSUP 7591 
?6@ P P I N T  "AFTER TIJRMS MIDCOIIRSE A N D  REACQUISITION" 
270 LET E=(21 91+X*Iflfl)*XI 

, 

LET .V:9R9 . 1 I3 - I2 .3 55U*T+ .e6395 I I *Tt2- 1 . 45 679 E- 4*T t3+ 1 . 2 3 9 5 9  E-7* T t 4 

LET P 1 = (3*V/4/3 . I 4 1  59 1 t( 1 h 1 

2eol P R I N T  "AFTER INJECTION R A T E  RE'MOVAL UP T O  CRIJISE ONE" 
1 

# 

' 

a) Ideal Heat Exchanger 

Figure D-2.  Ammonia Vaporjet BASIC Language P r o g r a m  - 
Regenerative Vaporizer 
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?71 LET >(3=)(3+E 
>SQ G O S W  6PlP 
?9P P P I N T  "AFTER SECOND CRUISE" 
3P@ LET E=6fl*X2 
3911 LET Y3=X3+E 
31P GOSUR .75n 
3E& * P F I  NT "AFTER TURNS MIDCOURSE A N D  REACQUISITION" 
336 LE? E=(lB+5W*X)*Xl 
331 LET Y3=X3+E 

350 PRINT "AFTEF THIPD CRUISE" 
3kP LET E= l  I 4 P * X 2  
361 LET X3=X3+E 
37pI GOSIIP 75@ 
3Qfl PPIFJT "AFTER T U R N  RETRO A N D  REACQUISITION" 
398 LET F;(51@+2Ffl@*X)*Xl 
391 '-7T X3=x3+E 
40F GOSIP 68F 
4101 P R I N T  "AFTER ORBITAL CRUISE" 
47B LET E=3d*X7 
431 LET Y3=Y3+F: 
43P GoFm 75R 
44Fl PRIlVf "AFTER TURNS TRIM A N D  REACQUISITION" 
45@ LET E=( 165+5~i*X)*Xl 
451 LET X3=X3+E 
4647 GOSIJP 6PIQ 
47P P F I V T  "ENP OF MISSION" 
4PB LET F=2F5*X? 
4 R l  LET X3=X3+E 
498 GOSUP 7SP 
5@8 I F  W > 1 7 . ~ 1 * P ~ * V / 1 1 . 6 8 / ( T B * l  .R) TH4N 958 
51P PPIWT 
52F P P I  NT " YO LJRIJID REMA INS" ,"P=" w* 1 B. 68*TB*l.8/ 17.n 1 / V  

kcIP LET E P = 5 Q  
6flS LET E=E/E& 
6lp1 LET T=T@ 
61 I LET HP=( I332 . 4 l+ ,23R724*T+.P333 658*T*T)* W453 . 59+W1*453.59*Cl*T 

615 LET Y5=P 
62291 FOR N z l  TO En 
625 LET I=l91'5*SOP(T*1 .P/523) 
63P LET W5tW+E/I 
ti35 LET W=W-E/I 
63 F 
k4@ LET )rl=133:!.41+.23F724*T+.@33365~*T*T 

645 LET t l2=5182 

340 Gnsm F;PIPI 

538 r,n To 9 5 ~ 1  

612 LET H F = N P A ~ . ~  

LET H6= 1 332 . 4 1+ .23 8 72 4* T6+ .Pr333 658*T 6* 16 

643 LET Hl=Hl-H6 

65P 
651 LET H3zH3-1 .59P1 E - F * ( T t 4 - T 6 t 4 ) / 4  
655  LET H=(H?+H3-H1)*453 .SSI*E/I/I 7.81 
65 6 LET C 2  = 1 4RF. 1 7-  19 

LET H3 = r S ,  5F4& ( T k T 6 ) +  .FP 61 25 1* (T*T- T6*T6)  /2+2.3 663 E-& ( T  t3-f6?3 ) /3 

1 763*T+ .@939@77*T t2 -2  .GI3 68 E-4*T t3+ 1 . 6 S 4  12 E - W T t 4  
65P LET C?=CP/17.01 
650 LET C 4  = ( ME/I /2 ) *C2* 453 .59+ W I  * C 1 * 453 . 59 
66P LFT TF=H/C5 
662 LET ?:T-TR 
665 I F  T > T 6  THEN 6F8 

n c 
W 

a )  Ideal Heat Exchanger (continued) 

F igu re  D-2 (continued). Ammonia Vaporjet BASIC Language P r o g r a m  - 
Regenerative Vaporizer 
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67@ PPIYT "CPSE NOT PHYSICAL" 

6R@ VEXT hs 

tiff5 GO TO (CQP 
60Pl GO Tn 9WpI 
7SP LET P=PQ 
755  LET I=105 
76.4 LET T=T0 
765 LET VS=F/: 
77@ LFT W=W-E/I 
775 GO TO 9RP 
90 W L E T  P =? . 58 4 SP 6- I 648.61 6R / 1- 1 . 63 P 6 4  6E-?* T+2 . 4 E3 2 76E-S* T t 2 
PPI LET PzP-I .1687@RE-R*ft3 

675 srnp 
e-1  1 FT 1 - 1  *>r- LL-1 u-1 

FGl? LET P=IQtP 
P l B  LET P=14.697*P 
83P IF J=l THEN bPP 
P38 PETIJRN 
Qnfl PR I NT " T=" 1 ,P*T- 459.69" F" ," P Z" P"PS I A N  
OlF P P J  NT " ISP=" I"SEC" ," NH3="W"LRS" ,"DNH3=" WS 
??@ PPINT 
03@ PPI NT 
940 RFTUFW 
P5P P P I N T  

999 FhIn 
P ~ P  PPI YT" TnTAi IYPULSE="XS 

a )  Ideal Heat Exchanger (continued) 

Figure D-2 (continued). Ammonia Vaporjet BASIC Language P r o g r a m  - 
Regenerative Vaporizer * 

:$BASIC language p rograms  were  writ ten for  the General Elec t r ic  Model 235 
computer. 
General Electr 'ic Company, 13430 North Black Canyon Highway, Phoenix, 
Arizona. 

Additional information concerning this sys tem is available f r o m  
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1 REM CALCULATES PROPELLANT REQIJIREMENTS FOR A N  A M M O N I A  VAPORJET. 

1 0  REM TANK I S  6AL-4V TITANIUlrl 
I 1  LET D l = . l d l  

' 1 2  LET S 1 = l O 6 E 5  
1 3  LET C l = . 1 2 4 8  
1 5  READ I 1  
1 6  LET X=I I T (  I I /5880) 
1 7  LET X2=1+42fl/(I1-560)+14G;1/1688 
18 LET Xl=1+428/ (11- !5S0)  
2(1 FEADW 
25 READ TO 
27  DATA 550F,75,2C16s 
311 LET TB=(TB+459.69) /1  .g, 
3 1  LET T=T4 

, 32 LET J=8 
35 GOSUR 880 
40 LET P 0 z P  
5pI LET T6=27t l  
55 GOSUR 809 
60 LET P S = P  
65 LET T=TQ 
66 LET P = P 0  
791 LET V=9fl9.113-12,3558*T+.Q63951 1 * T t 2 - l 0 4 5 6 7 9 E - 4 * T t 3 + 1  , 2 3 9 5 9 E - 7 s T t 4  
78 LET V=,QI01*V 
79 LET V=V/17,9Ll 
8l3 LET V=W453.59*WFi/28.316 
f35 LET V=l .2*V 
90 LET R l = ( 3 * V / 4 / 3 . 1 4 1 5 9 )  t W 3 )  
1 8 0  LET T 1 = 2  .?*PB*R1/2/Sl 
1 8 5  I F  Tl> .bBI  THEN l l p l  
106 LET T l = . B I l  
1 1 0  LET W1=4*3.14159*Rl*Rl*Tl*Dl*l728 
1 1 5  LET W=m 
12@ P P I N T  " I N T I A L  CONDITIONS" 
1 3 8  PR I NT" NH3 =" W" LRS" 
1 4 8  P R I N T  " P ~ " P B " P S I A " , " T ~ " T 0 * 1 , 5 - 4 5 9 . 6 9 " F " , " V = " V ~ C U  FT" 
1 5 6  PRINT 
168 P R I N T  "6AL-4V TITANIUY TANK" 
17fzI P P I  'UT " D="2*(Rl+Tl)"  FT" ,"TH=" TI*  12" IN" 
lf30 P R I N T  " W = " W l  "LBS" 
185 LET W1 = I  . I * W I  
1 8 7  P R I N T  "TANK+la PERCENT="Wl 
1 9 0  LET X3=0 
1 9 5  P R I N T  
1 9 6  P R I N T  

21B LET E=545*XI 
2 1 1  LET X3=X3+E 
229 GOSUR 6npI 
238 P R I N T  "AFTER F I R S T  CRUISE" 
240 LET E=!35*X2 
2 4 1  LET X3=X3+E 
250 GOSUB 758 
26fl P R I N T  "AFTER TURNS MIDCOURSE A N D  REACQUISITIOM" 

20n P R I N T  "AFTER I N J E C T I O ~  RATE REMOVAL UP TO CRUISE ONE" 

I 270 LET E = ( 2 1 8 + ~ * 1 8 0 ) * X l  

I b) Nan-Ideal Heat Exchanger 

F igu re  D-2 (continued). Ammonia Vaporjet BASIC Language P r o g r a m  - 
Re ge ne ra t  ive Vaporize r 
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271 LET X3=X3+E 
288 GOSW 6flP 
298 PRINT "AFTER SECOND CRIJISF 
300 LET E=6b*X2 
391 LET X3=X3+E 
31@ GOSUB 750 
328 PRINT "AFTER TURPIS MIDCOURSE A N D  REACQUISITION" 
336 LET E=(l0+50*X)*XI 
331 LET X3=X3+E 
34P GOSUP 6fl0 
358 PRINT "AFTER THIRD CRUISE" 
36p1 LET E=l140*X2 
361 LET X3=X3+E 
37QJ GOSUP 758 
388 PRINT "AFTER TURM R E T R O  A N n  REACQUISITION" 
390 LET E=(518+2Qi80*X)*Xl 
391 LET X3=X3+E 
408 GOSUP 600 
418 PRINT "AFTER ORBITAL CRUISE" 
420 LET E=30*X2 
421 LET X3=X3+E 
438 GOSUR 750 
440 PRINT "AFTER TURNS TRIY A Y D  REACQIJISITION" 
450 LET E=(  165+50*X>*X1 
451 LET X3=X3+E 
460 GOSUR 600 
478 PRIWT " E N D  OF MISSION" 
488 LET E=285*X? 
481 LET %3=X3+E 
49B GOSUR 758 
500 I F  W*17.m1*Pm*V/lo.~P/(T0*1 .R) THEN 950 
51b PRINT 
520 PR I "I " NO LIB UI D REMA INS" ," P=" W 18 . 68*T0* 1.8/17.0 1 /V 
530 GO TO 95P 
6c18 LET 'M=T 
604 LET I=96 
6pl6 LET WS=E/I 
61 B LET HB =( 1322.41+ .238724*T@+ .42333 658*TPI t2)*W453 . 59/ 1 7.n 1 
614 LET W = W - W S  
618 LET H2=240000*W5 
622 LET H I  =HB-H2 
625 LET T 2 = T 0  
62 6 LET Z = ( H 1 * 1 7 . fl 1 1 / ( W 4 5 3 .59* .@3 3 3 '6 58 1 
627 LET TI =SQR( (Z) - (  ( 1322 .41+ ,~38724*T2) / .~333658)  1 
630 I F  ARS((T2-Tl)/T2)<I.QlE-5 THEN 642 
634  LET T 2 = T 1  
63p GO TO 627 
642 L E T  T=Tl 
663 I F  71-270 THEN 684 
67pI PRINT "CASE WIT PHYSICAL" 
684 LET J = l  
685 GO TO RflB 
69fl GO TO 9S0 
758 LET P=P0 
755 LET T=T0 
76F LET 1 ~ 1 0 5  
765 LET W5=E/I 

b) Non -Ideal Heat Exchanger (continued) 

Figure D-2 (continued). Ammonia Vaporjet BASIC Language P r o g r a m  - 
Regenerative Vaporizer 
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770 LET W=W-WS 

800 1 ET P =9 5E14 58 6- 1 648 68 68 / T- 1 63 €5 646E-2* TC2 4832 76 E-%T t2 
8181 LET P=P-l0168788E-8*Tt3 
802 LET R = l B t P  
8118 LET P=14.697*P 
829 I F  J=1 THEN 690 
830 RETURN 
900 PRI NT "T="l.8*T-459.69" F" ,"P="P"PSIA" 
918 PRI NT " ISP=" 1"SEC" ," NH3="W"LRS" ,"DNH3 =" W5, 
920 PRI NT 
931  PRI NT 

' 940 RETURN 
950 PRINT 
968 PRINTTOTAL IMPULSE="X3 
999 END 

5 75 GO TO 900 

b) Non -Ideal Heat Exchanger (continued) 
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Figure D-2 (continued). Ammonia Vaporjet BASIC Language Program - 
Re gene rative Vaporizer 
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TABLE D-3.  AMMONU AND TANK REQUIREMENTS, 
EFFICIENT HEAT EXCHANGER 

Configuration 

No added ro l l  cont ro l ,  
3600 l b f - s e c  

With added ro l l  
control  , 

5800 lbf -sec  

In it ial 
T e m p e r a t u r e ,  

O F  

180 

200 

' 210  

220 

180 

200 

220 

Propel lant  
Weight, 
pounds 

40. 0 

3 7 . 2  

36. 0 

3 4 . 9  

105 .3  

9 3 . 3  

83.  3 

Tank  
Weight, 
pounds 

6. 0 

7 . 5  

8. 4 

9. 6 

15. 8 

18. 8 

22 .7  

TABLE D-4. AMMONIA AND TANK REQUIREMENTS, 
INEFFICIENT HEAT EXCHANGER 

Configuration 

No added ro l l  cont ro l ,  
3609 l b f - s e c  

With added ro l l  
control  , 

5800 l b f - s e c  

In it ial 
T e m p e r a t u r e ,  

O F  

180 

200  

220 

180 

200 

220 

D-14 

Propel lan t  
Weight , 
pounds 

42 .0  

3 9 . 7  

3 7 . 8  

1 0 9 . 3  

9 7 . 7  

88. 6 

Tank 
Weight, 
pounds 

6. 3 

8. 0 

1 0 . 3  

16. 5 

19. 7 

24. 2 

T o t a l ,  
pounds 

46. 0 

44. 7 

4 4 . 4  

4 4 . 5  

1 2 1 . 1  

1 1 2 . 0  

1 0 6 . 0  

Tota l ,  
pounds 

48. 3 

4 7 . 7  

48.  1 

125. 8 

1 1 7 . 4  

1 1 2 . 8  



. .. . 

T h e s e  r e s u l t s  show that  it is  des i rab le  to have tank  t e m p e r a t u r e  n e a r  
220" F, but efficient heating of the vaporized g a s  i s  not v e r y  i m p o r t a n t .  
i m u m  to ta l  weight a p p e a r s  t o  o c c u r  wel l  below the 2 7 0 ° F  critical t e m p e r a -  
t u r e ,  at l e a s t  f o r  the  s m a l l e r  p l e n u m s .  
f r o m  a t e m p e r a t u r e  s l ight ly  higher  than 2 2 0 ° F  but not  m u c h  b e c a u s e  v a p o r  
p r e s s u r e  and tank weight i n c r e a s e  rapidly.  

Min- 
' 

The l a r g e r  plenums m a y  benefit  

Tota l  s y s t e m  weights a r e  shown in  Table  D-5 .  The s y s t e m s  a r e  
much m o r e  a t t r a c t i v e  than those  which included b a t t e r i e s .  The  s m a l l e r  
plenums which do not  provide the added rol l  cont ro l  a r e  l ight enough t o  b e  
cons idered  competi t ive with the other  s y s t e m s  analyzed in  the s tudy.  

1 E X T E R N A L H E A T E X C H A N G E R  

T h e  regenera t ive  vapor izer -hea t  exchanger  improved  the a m m o n i a  
s y s t e m  cons iderably  but the weights,  par t icu lar ly  f o r  the l a r g e r  plenum 
s y s t e m s ,  w e r e  still cons iderably  heavier  than  the  b e t t e r  hydrazine plenum 
s y s t e m  weights .  

One o t h e r  possible  e n e r g y  source ,  the m a i n  propulsion o r  r e t r o -  
engine,  m a y  b e  c o n s i d e r e d .  A substant ia l  amount of w a s t e  heat is produced 
during the t i m e  the engines a r e  f i r ing .  
heat  f o r  any apprec iab le  t i m e ,  but fortunately th i s  event  coincides with the  
peak demand t i m e  of the l a r g e  plenum s y s t e m s .  
h a z a r d  o r  degradat ion in  m a i n  engine per formance  could r e s u l t  f r o m  low 
p r e s s u r e  heat  exchange tubing wrapped around the combustion c h a m b e r  o r  
nozz le .  

It would not b e  possible  t o  s t o r e  s u c h  

It is thought tha t  v e r y  little 

M o r e  s tudy of potential  in te r face  problems should b e  m a d e .  

It h a s  not been within the scope of the p r e s e n t  s tudy t o  examine o t h e r  
s p a c e c r a f t  s u b s y s t e m s ,  s o  no  information is avai lable  concerning the m a i n  
o r  r e t r o - e n g i n e s .  Consequently,  it i s  n o t  possible  to  evaluate  avai lable  
heat f l u x  o r  define a specif ic  heat exchanger des ign .  
to m a k e  p a r a m e t r i c  calculat ions with respec t  t o  gas  t e m p e r a t u r e .  Such 
calculat ions have been  made  aasaming the  g a s  t e m p e r a t u r e  at the  added ro l l  
cont ro l  t h r u s t e r s  would b e  between 200 and 1 0 0 0 ° F .  
u r e  D-4 ,  a modif icat ion of t h e  previous computer  p r o g r a m  w a s  wr i t ten  i n  
which the  r o l l  cont ro l  t h r u s t e r s  w e r e  operated at a se lec ted  t e m p e r a t u r e ,  
but  all o t h e r  functions w e r e  p e r f o r m e d  b y  a regenera t ive  heat  exchanger .  
The  r e s u l t s  a p p e a r  in Table  D-6 .  
r o l l  cont ro l  capabi l i ty  a r e  appl icable .  

I t  i s  possible ,  however,  

A s  shown in  F ig-  

Note that only those s y s t e m s  having added 

T h e  m o s t  s t r ik ing  conclusion i s  that s y s t e m  weight i s  re la t ive ly  
unaffected b y  t e m p e r a t u r e  in  the e x t e r n a l  heat exchanger .  
in i t ia l ly  at 2 2 0 " F ,  it would a p p e a r  that the e x t e r n a l  hea t  exchanger  might  b e  
r e q u i r e d  t o  do l i t t le  m o r e  than s imply  vaporize the  l iquid.  

With the tank 
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I Figure  D-3. Ammonia Vaporjet BASIC Language P r o g r a m  - 
External  Heat Exchanger 
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Figure D - 3  (continued). Ammonia Vaporjet BASIC Language P r o g r a m  - 
External  Heat Exchanger 
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Figure D-3 (continued). Ammonia Vaporjet BASIC Language Program - 
External Heat Exchanger 
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One c a s e  of i n t e r e s t  is tha t  f o r  which the propel lant  tank  ini t ia l ly  is 
at a nominal  ambient  t e m p e r a t u r e ,  thereby  simplifying t e m p e r a t u r e  condi- 
tioning. It is seen ,  however,  that  considerable  e x t r a  propel lant  still i s  
requi red  t o  maintain m i n i m u m  tank t e m p e r a t u r e .  A s y s t e m  s u m m a r y ,  on 
the assumption of a 5 0 0 ° F  exi t  t e m p e r a t u r e  of the e x t e r n a l  hea t  exchanger ,  
is given 111 i d u i e  D - 7 .  * m . 1 ,  

TABLE D-6. AMMONIA VAPORJET, EXTERNAL 
HEAT EXCHANGER 

Initial 
Tank 

T e m p e r a t u r e  

220°F 

7 0 ° F  

Roll 
T h r u s t e r  

T e m p e r a t u r e ,  
O F  

63 

200 

400 

600 

800 

1000 

500 

Propel lan t  
Weight, 
pounds 

53 .4  

51. 0 

48.6 

46. 8 

45.6 

44. 8 

103.7 

Tank 
Weight, 
pounds 

14. 6 
13 .9  

13. 2 

1 2 . 8  

1 2 . 4  

1 2 . 3  

3 . 3  

Tota l ,  
pounds 

68. 0 

64. 9 
61. 8 

5 9 . 8  

58. 0 

5 7 . 1  

107.0 



TABLE D-7. AMMONIA VAPORIZING LIQUID SYSTEM, EXTERNAL HEAT 
EXCHANGER VERSION (ATTACHED TO MIDCOURSE OR RETRO MOTOR) 

COMPONENTS AND WEIGHTS 

(Number of components requi red  in parentheses ,  weight i n  pounds) 

Note: Configurations la,  
system operation. 

lb ,  2a, Zb, 3d, 4a, and 4b are not considered, since no external heat i s  available at any time during 
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APPENDIX E. SU.PPORTING ANALYSES - 
ELECTROLYSIS PLENUM SYSTEMS 

It has  been concluded that basic design fea tures  of both the water  and 
the hydrazine electrolysis  ce l l s  will be identical. 
described and mater ia l s  of construction f o r  ce l l s  and tankage discussed. 
computer program has  been writ ten to ass i s t  calculations of the propellant 
s torage requirements  and ullage conditions. 

A baseline design will be 
A 

ELECTROLYSIS CELLS 

Electrolysis  cell  r e sea rch  has  been reviewed. 
in Appendix J,  indicate that a number of organizations have been active, 
p r imar i ly  in studying oxygen-generating cel ls  f o r  l i fe  support systems. 
However, the par t icular  requirements  of these ce l l s  have introduced com- 
plexities, notably in liquid feed and gas  separation systems,which a r e  thought 
to be unnecessary for  u s e  in attitude control propulsion systems. 

The resul ts ,  reported 

BASELINE DESIGN 

None of the manufacturers  has  examined the simple mixed gas  cell  
which is  proposed h e r e  a s  the baseline design, pr imar i ly  because it would 
not be acceptable f o r  life support apparatus. 
r e s e a r c h  and development effort, data have been abtained ~ h i c ' h  indicate 
that the concept i s  feasible  for zero-g application. One of the ce l l s  built 
was  s imi la r  to the design shown schematically in Figure E-1. 

In a Hughes independent 

The principal fea tures  of this  cel l  a r e  s imilar  for  water  e lectrolysis  
and fo r  hydrazine electrolysis;  mater ia l s  of construction may be different, 
however, because of differing compatibilities. 

The electrolysis  cel l  proper  is composed of two concentric cyl inders  
The electrodes a r e  fabr icated f r o m  meta l  s c reens  of appropriate material .  

separated by a ma t r ix  of insulating mater ia l  which holds the liquid to be 
electrolyzed by capillary action. 
extending through the center  of the tank; this wick is  not necessar i ly  formed 
f r o m  the s a m e  mater ia l  as the cell  matrix.  Holes f o r  the escape of the gas  
generated at the anode a r e  placed in the wick near  the cell  and in the insula- 
t o r  supporting the cell. The s ize  of the cell would be determined f r o m  the 
requi red  r a t e  of electrolysis ,  the cur ren t  density, and the component weights. 

Liquid i s  fed  to  the ma t r ix  by a wick 



INSULATOR 

0 

F i g u r e  E - 1. E l e c t r o l y s i s  C e l l  Des ign  
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TANK WEIGHT, POUNDS (SHELL ONLY) 

F i g u r e  E-2.  M a r a g i n g  Steel Vo lume  V e r s u s  Weight  
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Liquid feed to the electrolysis  cell  during zero-g  operation requi res  that 
This can be accom- the liquid stored in  the tank be in contact with the wick. 

plished by dividing the tank (assumed t o  be spherical ,  oblate spheroid, o r  
cylindrical) into segments by baffles. Capillary f o r c e s  cause the liquid to 
f i l l  the apex angle formed by intersecting baffles; the wick is  therefore  
located along the intersect ion of the baffles fo r  the length of the tank. 

Removal of the gases  f r o m  the tank under zero-g conditions fo r  
t h rus t e r  operation i s  analogous to the problem of venting excessive p r e s s u r e  
f r o m  propellant tanks. 
a r e  neither wetted by hydrazine nor water  a r e  available for  u se  in a venting 
device. 
s c reens  of nonwetting ma te r i a l  will perform the required function. Fu r the r  
discussion can be found in Appendix J. 

Fortunately many mater ia l s  of construction which 

It i s  tentatively concluded that an arrangement  of tubes capped by 
1 

MATERIALS AND DESIGN 

Basic design considerations a r e  almost identical for  the water  and 
hydrazine electrolysis  cells .  
previous Hughes design for  a water  electrolysis rocket, which uti l izes 
potassium hydroxide a s  the electrolyte. 

The tankage and l ines  will be based on the 

In NASA contract  NAS S-3828 a mater ia l  compatibility study was 
performed in which four metal  alloys were  exposed to  extended electrolyzing 
conditions. It was concluded that either 18-7-5 maraging s teel  o r  17-4 s teel  
was  satisfactory,  but that 4130 o r  6 A l - 4 V  titanium was  not. 
comparison of maraging s tee l  tank weights i s  shown in Figure E-2. 

A paramet r ic  

Hydrazine tankage would be 6A1-4V titanium. If MIL grade  hydrazine 
without e lectrolyte  were  used, a variety of s ta inless ,  aluminum, or  t i tanium 
vesse l s  should be satisfactory. 

If an electrolyte were  added to the hydrazine, an element of uncer-  
tainty would be introduced. 
was available at the t ime of this  report .  
factorily,  however, without electrolyte at  the calculated generation rates .  

N o  definitive mixture cmxpatibility i n f o r m a t i o n  
The sys tem will operate  sat is-  

PROPELLANT USAGE 

Because of the complexity of the mission and variation in system 
conditions, computer programs were  written for  design of the hydrazine 
electrolysis ,  dual-mode hydrazine, and water e lectrolysis  systems. The 
p rogram i s  wri t ten to  include the option of prepressurizat ion with F reon  14 
in  addition to  e lectrolysis  gas. It i s  a lso possible to analyze sys tems con- 
taining only Freon .  

I 
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Initial p re s su re ,  propellant composition, e lectrolysis  rate,  and 
tempera ture  a r e  inputs. Before and a f t e r  a l l  major  events, p re s su re ,  
volume, weight of remaining propellants, mole fractions,  and specific 
impulse a r e  calculated. 
considered f o r  a l l  maneuvers except cruise,  for  which the small  amounts 
of gas  required a r e  assumed to  be a t  ambient temperature .  
regulated. 

Adiabatic cooling of the gas  during blowdown i s  

A l l  gas  flow i s  

A decision was made to u s e  a regulator in the electrolysis  plenum 
systems,  because propellant performance l o s s  caused by tempera ture  drop 
in  the expansion p rocess  a c r o s s  the regulator a r i s e s  only f r o m  Joule- 
Thompson cooling and i s  smal l  enough to  be neglected. 
adiabatic blowdown in the tank i s  present  i n  any case. 
that  the advantages of constant p r e s s u r e  and constant th rus t  operation out- 
weigh the slight decrease  in  reliability caused by the presence of the addi- 
tional component in  the system. 
p r e s s u r e  regulator with a 50 psia  outlet, a conservative minimum inlet 
p r e s s u r e  of 200 psia  has  been imposed. It is  therefore  necessary  to  choose 
initial conditions compatible with this  requirement so that at no t ime during 
the mission i s  system p r e s s u r e  allowed to  fall  below 200 psia. An optimum 
sys tem i s  one in  which the minimum pres su re  reached a t  any point of the 
mission i s  equal to, but not l e s s  than the minimum required regulator inlet 
p ressure .  
e lectrolysis  rate.  

The lo s s  due to 
It therefore  appears  

In o rde r  to ensure proper  operation of a 

This would produce the lightest possible sys tem for  a given 

Specific impulse and compressibil i ty data were  calculated by means 
of existing programs which f i t  least squares polynomials to  bivariant data. 
By taking the average compressibil i ty b a s e d  on the mole fraction of the 
products of hydrazine electrolysis ,  a compressibil i ty equation was derived 
in t e r m s  of the p r e s s u r e  and composition of the electrolysis  g a s  and CF4. 
The compressibi l i ty  data shown in  F igure  E-3  were  taken f r o m  DuPont 
l i t e r a tu re  on Freon 14. ::: The same technique was used in  deriving specific 
impulse of mixtures .  By averaging the specific heats  and molecular weights 
of the g a s e s  fo r  var ious percent compositions, the specific impulse equation 
w a s  d e r i v e d  in t e r m s  of gas  composition. 

It is assumed that during each cruise  one pulse occurs  every 1 /2  hour. 
Gas generation continues steadily between pulses. 
being produced f a s t e r  than it is  being used fo r  c ru ise  correct ions,  tank 
p r e s s u r e  eventually reaches  the initial launch condition. 
p rog ram maintains  a constant tank p res su re  by replacing only the amount of 
g a s  used f o r  the remainder  of the cruise .  This s imulates  the p r e s s u r e  
regulation by the control loop between the tank p res su re  switch and the 
e lec t ro lys i s  power supply. 

Since electrolysis  gas  i s  

At this  point, the 

:KHilsenrath. et al . .  Tables of Thermodvnamic and TransDort ProDerties of - _ _ _  _ _  - *  ~ 

Air, Argon, - Carbon - Dioxide, Carbon - _,  - M i  
oxy1 gen and Steam, Pergamon,  l % U .  

E-5 



The allocation fo r  leakage and c r o s s  coupling was proportionally 
distributed over the mission profile according to  the relative s ize  of each 
maneuver. 
euver separately and include the additional total  impulse in the chronological 
sequence of calculations. 

This simplifying assumption made it possible to tax each man- 

At the end of the program,. tank size,  thickness and weight were  
calculated for  a given mater ia l  with specified physical propert ies .  

Several  different programs were  developed f o r  analysis  of the var ious 
systems, including both water  and hydrazine electrolysis.  Since the difference 
between water  and hydrazine involves only a change in input constants and 
the "no added roll" c a s e  is  a simplified vers ion of the "added roll" capabil- 
i t y  case, only the la t ter  program listing i s  shown in F igure  E-4. A sample 
output of the For t r an  IV program is shown in Figure E-5. 

, 

Optimization of the electrolysis  sys tems requi res  the investigation of 
a range of ullage conditions and electrolysis  ra tes .  
electrolysis ra te  and minimum sys tem p r e s s u r e  i s  nonlinear and, above a 
limiting value of cur ren t ,  the increased electrolysis  ra te  has  a negligible 
effect on minimum pressure .  
decrease in minimum pressure .  
increased, the electrolysis  ra te  (cur ren t )  for which minimum p r e s s u r e  i s  
reached during the mission decreases .  These effects may be observed in 
Figure E-6 which shows some typical resu l t s .  
date ,  the required cur ren t  i s  no m o r e  than 3 to  5 amperes .  
modest requirement ,  there  i s  l i t t le incentive to  reduce cur ren t  by increasing 
the weight of s tored gas .  
appear in Appendix F. 

The relationship between 

Reduction below this  cur ren t  r e su l t s  in a rapid 
As the amount of init ial  p re s su ran t  is  

In a l l  ca ses  investigated to 
With this  

Calculations of average power requirements  

Neither the water  nor the hydrazine electrolysis  plenum sys tem i s  
attractive i f  maneuvering o r  ro l l  control during r e t r o  i s  required.  Although 
either system i s  eminently suitable for  providing attitude control propulsion, 
l a rge r  impulse bits requi re  a ve ry  l a rge  supply of stored gas,  and hence an 
excessive increase  in tankage volume and weight. 
to generate the required gas  on demand but, depending on electrolyte con- 
centration, at leas t  severa l  kilowatts of power would be required.  

In principle, it i s  possible 

One method, prepressur iza t ion  with Freon 14, has  been investigated 
for reducing the sys tem weight. 
of the high Freon density and favorable compressibil i ty.  Nevertheless,  even 
the most favorable case  weighs only about 10 percent l e s s  than a s imple 
Freon 1 4  cold gas  (no electrolysis)  system. The added complexity of the 
electrolysis apparatus would definitely preclude selection of such systems.  

A significant savings i s  realized because 

One other special  case,  the combustion water  rocket, i s  of interest .  
Calculations were  made by substituting the proper  performance p a r a m e t e r s  
into the computer programs.  System weights a r e  a t t ract ive but do not offer 
any savings over the other best systems.  
recommended at this  t ime because technology i s  still in an ear ly  stage of 
development and a satisfactory es t imate  of reliabil i ty i s  difficult. 

The water  rocket may not be 



s IDENT 366r56243r2395Ar01556rANNE 
I OPT ION FORTRAN 
s FORTRAN LSTOUrDECK 
B INCODE IBMF 
CCRU I S E  CRU I SE 

SUBROUTINE CRIJISE( J1) 
COMMON A rB,X r Y  r P  r T 1  

DIMENSION E 1 ( 2 0 ) r T 1 ( 2 0 ) r N 1 ( 2 0 )  
DO 2 0  I = 1 r N  
J = o  
A 1  = A  
8 1  = R  
A = A-A*E/ (Y* (A+B))  
B = R - B * E / ( Y * ( A l + R ) )  + T*R 
BO = BO+T*R 
v = V+T*R/D 

r H  r A 1  r B 1  r V r P 1  9P2 rGrBOrR rD12 r N 1  r E l  r N  r E  r T  r V O r C r  
1 R 1  r T O r H 1  

X = A / ( 8 8 . 0 1 * ( A / 8 8 . 0 1 + R / 1 0 . 6 8 )  1 
I Y = 119.949 - 339*835*X + 973.961*X**2 - 1609092*X**3  + 1’338.61* 

1 X * * 4  - 4320739*X**5  
10 P 1  = P  

Z = X+(1.00886-3.135E-4*Pl + 6.03801E-8* P l * * 2  +1.57454E-11* 
1 P l * * ? )  + X + ( - 2 * 9 0 0 0 2 E - 1 5 * P l * * 4 )  + (l .-X)+(.9997+1.68738E- 
2 5 *P1)  + (l.-X)*(-6*8728E-lO*P1**2) 

P = ~ A / 8 8 ~ 0 1 + B / 1 0 ~ 6 8 ) * 1 0 ~ 7 3 * H * Z / V  
P2 = P  
Y Y  = ABS(P2-P1) /G 
NN = I  
I F ( Y Y  .GT. 1.E-5) GO TO 10 
f F ( J 1  .NE. 7 )  GO T O  1 6  
XL7 t ( ( P / Z  - (200. / (1 .  - . 0 5 * X ) ) ) / ( P / Z ) ) * ( A + R ) * Y  
XN 1 = N - I  
XN 1 = ( X N l ) * E  
I F ( X L 7  .GE. XN1) GO TO 77 

16 I F ( P  .GE. G 1 GO TO 3 0  
20 CONTINUE 

GO TO 6 0  
3 0  NH = NN/2 

WRITE (2,401 NNrNHrP 
40 FORMAT(lOX4H N = I 6  r2X29HFULL PRESSURE WAS REACHED AT916 92x9 

117HHOURS CRUISEr P = E 1 5 0 6 / / )  
P = G  

Do A 1  5 0  = =lN” 
A = A-A*E/(Y*(A+B))  
R = R-B*E/ (Y* (A l+R)  1 
B 1  = B  
B = 1 0 . 6 8 + ( ( G * V / ( 1 0 . 7 3 * H * Z ) ) - A / 8 8 ~ 0 1 )  
V = V + ( B - B l ) / D  
C A L L  HETGAS 
I F ( J 1  .NE. 7 )  GO TO 5 0  
XL7 = ( ( P / Z  - ( 2 0 0 . / ( 1 . ‘ -  . 0 5 * X ) ) ) / ( P / Z ) ) * ( A + B ) * Y  

I XN 2 = N - I  
XN2 = XN2*E 
I F ( X L 7  .CEO XN2) GO TO 77 

5 0  CONTINUE 
60 H 1  = H  

F i g u r e  E-4. F o r t r a n  I V  P r o g r a m  - Hydrazine Elec t ro lys i s  
With Added Roll Control 
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WRITE ( 2 , 1 5 1  

WRITE ( 2 , 3 5 1  A ,  6, X, V, P, Y, H 1  
1 5  FORMAT ( 7 X  1 HA 1 4 X  1HB 1 4 X  1HX 1 4 X  1HV 1 4 X l H P  1 3 X 3 H  I SP 1 3 X l H T  / / ) 

3 5  FORMAT ( 7 E 1 5 . 6 / )  

7 7  WRITE ( 2 , 3 6 1  VX 
26 F O R M A T ( / I O X 3 2 H C U M U L A T I V E  L I Q U I D  ELECTROLYZED = E 1 5 . 6 / / )  

vx = (V-VO)*D 

I F ( J 1  .NE. 7 )  GO TO 8 8  
NX = N N / 2  
WRITE ( 3 9 7 0 )  N X * P  

7 0  FORMAT( lOX25H ELECTROLYSIS STOPPED AT,I5,3X,16H HOURS CRUISE,P=E15 
1 . 6 / / )  

A 1  = A  
A = A - A * X L 7 / Y / ( A + B )  
R = R - R + X L 7 / Y / ( A l + B )  
X = A / 8 8 * 0 1 / ( A / 8 8 0 0 1  + 6 / 1 0 . 6 8 )  
P = ( A / 8 8 ~ 0 1 + B / 1 0 ~ 6 8 ) * 1 0 ~ 7 3 * H * ~ l ~ ~ ~ O 5 * X ) / V  

7 5  FORMAT(7E15.6/ )  
WRITE (2 ,741  
WRITE (2,751 AIR,X,H,YIP 

7 4  F O R M A T ~ 7 X 1 H A , 1 4 X 1 H R ~ l 4 X l H X ~ l 4 X l H H , l 3 X 3 H I S ~ ~ l 4 X l H ~ / / ~  
8 8  RETlJRN 

END 
B FORTRAN LSTOUIDECK 
B INCODE IBMF 
CHETGAZ HETGAZ 

SUBROUTINE HETGAZ 
COMMON A,BIXIYIP,T~ ~ H , A ~ ~ B ~ ~ V I P ~ ~ P ~ ~ G , B O , R , D I Z , ” , E , T , V O , C ,  

DIMENSION E 1 ( 2 0 ) r T 1 ( 2 0 ) r N 1 ( 2 0 )  
R = B+T*R 
BO = BO+T*R 
V = V+T*R/D 

1 R 1  , T O * H l  

X 
Y = 119.949 339.835*X + 9 7 3 0 9 6 1 * X * * 7  - 1 6 0 9 * 9 2 * X * * 3  + 1 3 3 8 0 6 1 ”  

= A / ( A8 0 01* ( A / 8 8  01 +B 11 0.68 ) 

1X+*4 - 4 3 2 0 7 3 9 * X * * 5  
2 0  P1 = P  

Z = X * ( 1 0 0 0 8 8 6 - 3 . 1 3 5 E - 4 * P l  + 6.03801E-8*P1+*2 + 1.57454E-11* 
1 P l * * 3 ) +  X * ( - 2 o 9 0 0 0 2 E - 1 5 + P 1 * * 4 ) +  ( 1 0 - X )  * ( 0 9 9 9 7 + 1 * 6 8 7 2 8 E -  
2 5 * P 1 )  + (l.-X)*(-6.8728E-l0*P1**2) 

3 0  

3 5  

40 

B 
B 

P = ( A / 8 8 . 0 1  + B/10.68)*10.73*H*Z/V 
P 2  = P  
Y Y  = A B S ( P 2 - P l ) I C  
I F ( Y Y  .GT. 1.E-5 GO TO 20 
H 1  = H  
WRITE ( 2 9 3 0 )  
F O R M A T ~ 7 X 1 H A ~ 1 4 X 1 H R ~ l 4 X l H X I 1 4 X 1 H V , 1 4 X 1 H P ~ l 3 X 3 H I S ~ ~ ~ 3 ~ l H ~ ~ / ~  
WRITE (2 ,351  A, B ,  X, VI PI Y, H 1  

vx = (V-VO)*D 
WRITE (2 ,401  V X  
FORMAT(lOX32HCUMULATIVE L I Q U I D  ELECTROLYZED = E15 .6 / / !  
RE TURN 
END 

FORMAT(7E15.6/ )  

FORTRAN LSTOU ,DECK 
INCODE IRMF 

C HE TGAS HETGAS 

Figure  E -4 (continued). F o r t r a n  I V  P r o g r a m  - Hydrazine E lec t ro lys i s  
With Added Roll Control  
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SIJSROUTINE HETGAS 
COMMON A*B,X,Y,P,Tl ~ H ~ A ~ ~ B ~ ~ V I P ~ ~ P ~ ~ G , B O ~ R ~ D ~ Z ~ N ~ ~ E ~ ~ N ~ E , T ~ V O ~ C ~  

DIMENSION E 1 ( 2 0 ) , T 1 ( 2 0 ) , N 1 ( 2 0 )  
1 R 1  ,TO,Hl 

X = A/(88.01*(A/88.01+B/lOo68)) 
Y = 119.949 - 339*835*X + 973*961*X**2 - 1609092*X**3 + 1338.61* 

P 1  = P  
Z = X*(1.00886-3.135E-4*Pl + 6.03801E-8*Pl**2 + 1.57454E-11* 

1 P1**3)+  X*( -2090002E-15+P1**4)  + ( l . -X)* ( .9997+1.68728E-5 
2 * P l )  + (l.-X)*(-6.8728E-l0*P~**~) 

1 X * * 4  - 432*739*X**5 

RETIJRN 
END 

s FORTRAN LSTOU9DECK 
s INCODE IBMF 
CHETGSZ HETGSZ 

SUBROUTINE HETGSZ 
COMMON A,B,XwY,P,Tl , H , A l , B l , V , P 1 , P 2 r G , B O ~ R , D , Z , N l r E l r N , E I T , V O , C ,  

DIMENSION E 1 ( 2 0 ) ~ T 1 ( 2 0 ) ~ N 1 ( 2 0 )  
1 R 1  ,TO,H1 

X = A/(88.01*(A/88.01+B/lOe68)~ 
Y = 119.949 - 339.835*X + 973.961*X**2 - 1609*92*X**3  + 1338.61" 

1 X * * 4  - 4320739*X**5  
2 0  P l  = P  

Z = X*( l .00886-3.135E-4*Pl  + 6.03801€-8*P1**2 + 1.57454€-11* 
1 P l * * 3 ) +  X*( -2.90002E- l5*P1**4)+ ( 1 o - X )  * ( .9997+1*68728E- 
2 5 *P1)  + (l.-X)*(-6.8728E-lO*P1**2) 

P = (A/88 .01  + B/10.68)*10.73*H*Z/V 
P2 = P  
Y Y  = ABS(P2-P1) /G 
I F ( Y Y  .GT. 1.E-5 1 GO TO 2 0  
RETURN 
END 

CXPR I N T  XPRINT 
SUBROUTINE XPRINT ( 1 )  
COMMON A,B,XIY,P,T~ , H , A ~ , B ~ , V I P ~ , P ~ ~ G , B O I R I D , Z , " , E I T , V O , ~ ,  

DIMENSION E 1 ( 2 0 ) , T 1 ( 2 0 ) r N 1 ( 2 0 )  
GO T O  ( 1 ~ 1 0 ~ 2 ~ ~ 3 0 ~ 4 0 ~ 5 0 ~ 6 0 ~ 7 0 ~ 8 0 ~ 9 ~ ~ 1 ~ 0 ~ 1 1 0 ~ 1 2 ~ ~ 1 3 ~ ~ 1 4 0 ~ 1 5 ~ ~ ~ 1  

1 R 1  ,TO,H1 

1 WRITE ( 2 9 5 )  
5 FORMAT(lOX26HBEFORE ACQUISIT ION OF REFS/ / )  

GO T O  200 
10 WRITE ( 2 9 1 5 )  
1 5  FORMAT(IOX26HAFTER ACQUISITION OF REFS / / I  

GO TO 2 0 0  
2 0  WRITE (2 ,251 
25  FORMAT(lOX26HBEFORE ROLL CALIBRATION / / I  

GO TO 200 
3 0  WRITE (2 ,351 
3 5  FORMAT(lOX26HAFTER ROLL CALIBRATION / /  1 

GO T O  200 
40 WRITE (2 ,451 
4 5  FORMAT(1OX27H BEFORE CANOPUS A C Q U I S I T I O N / / )  

GO TO 2 0 0  
50 WRITE ( 2 9 5 5 )  
5 5  FORMAT(lOX27HAFTER CANOPUS ACQUISITION 1 1 )  

GO TO 2 0 0  

Figure  E -4 (continued). For t ran  I V  Program - Hydrazine Electrolysis  
With Added Roll Control 
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60 W R I T E  ( 2 9 6 5 )  
6 5  F O R M A T ( l O X 1 9 H B F F O R E  F I R S T  C R U I S E / / )  

GO T O  200 
70  W R I T E  ( 2 9 7 5 )  
75 F O R M A T ( l O X 1 9 H A F T E R  F I R S T  C R U I S E  / / )  

GO T O  200 
80 W R I T E  (2,851 
8 5  F O R M A T ( l O X 3 9 H A F T E R  T U R N S 9 M I D C O U R S E  A N D  R E A C Q U I S I T I O N / / )  

GO TO 200 
90 W R I T E  ( 2 , 9 5 1  
9 5  F O R M A T ( l O X 1 9 H A F T E R  S E C O N D  C R U I S E / / )  

GO T O  200 
100 W R I T E  ( 2 , 1 0 5 1  
105 F O R M A T ( l O X 4 0 H A F T E R  S E C O N D  M I D C O U R S E  AND R E A C Q U I S I T I O N / / )  

GO T O  200 
110 W R I T E  ( 7 , 1 1 5 )  
115  F O R M A T ( l O X 1 9 H A F T E R  T H I R D  C R U I S E  / / )  

GO T O  200 
120 W R I T E  ( 2 , 1 2 5 )  
125 F O R M A T ( l O X 4 0 H A F T E R  T U R N S v R E T R O  A N D  R E A C Q U I S I T I O N  / /  1 

GO T O  200 
130 W R I T E  ( 2 , 1 3 5 )  
135  F O R M A T ( l O X 7 6 H A F T E R  F I R S T  O R B I T A L  C R U I S E / / )  

GO T O  200 
140 W R I T E  ( 7 9 1 4 5 1  
145 F O R M A T ( l O X 2 8 H A F T E R  O R B I T A L  T R I M , T U R N I E T C . / / )  

GO T O  200 
1 5 0  W R I T E  ( 2 , 1 5 5 )  
1 5 5  F O R M A T ( l O X l 4 H E N D  O F  M I S S I O N / / )  
200 R E T U R N  

END 
s F O R T R A N  L S T O U * D E C K  
B I N C O D E  I B M F  
C M A I N  M A I N  

COMMON A ~ B , X ~ Y , P I T ~  , H , A ~ , B ~ ~ V I P ~ ~ P ~ , G I B O I R , D , Z , ” , E I T , V O ~ C ~  

D I M E N S I O N  E 1 ( 2 0 ) 9 T 1 ( 2 0 )  v N l ( 2 0 )  
1 R l  r T O 9 H l  

C REM JPL M I S S I O N  A N A L Y S I S  
C REM H Y D R A Z I N E 9 A L L  C O L D  G A S  

R E A D  ( 1 9 1 0 )  H,D 
W R I T E ( 2 9 1 1 0 )  

110 FORMAT ( 1 H 1 )  
10 F O R M A T ( b E 1 2 . 6 )  

R E A D  ( 1 , l O )  ( E 1 ( 1 ) 9 1 = 1 9 1 3 )  
R E A D  (1910)  ( T 1 ( 1 ) 9 1 = 1 9  9 )  
R E A D  (1,111 ( N l ( I ) p I = l 9  5 )  

11 FORMAT ( 1 2 1 6 )  
20 R E A D  ( 1 9 1 0 1  G , C * A * R  

W R I T E ( 2 r 2 2 )  C,C*A,R 
2 2  F O R M A T ( 1 O X 1 8 H I N I T I A L  C O N D I T I O N S / ~ O X ~ H G  = F 8 . 3 9 2 X 1 3 H P S I A  P R E S S I I R F I  

1 1 O X 3 H C  = F 8 . 3 r 2 X 2 5 H A M P S  E L E C T R O L Y S I S  C U R R E N T / l O X 3 H A  = F R . 3 9  
2 2 X 1 2 H P O U N D S  F R E O N / l O X 3 H B  = F 8 . 3 9 2 X 2 3 H P O U N D S  E L E C T R O L Y S I S  G A S / / )  

R = (7600.*32.05/(96520.*4~*453~59))*C 
P = G  
J1 = 0  
CALL H E T G A S  
V r (A /88 .01+B/10.68)*10*73* t i *Z /G 

Figure E - 4  (continued).  F o r t r a n  I V  P r o g r a m  - Hydrazine E l e c t r o l y s i s  
With Added Roll Control  
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BO = B  
vo = V  
W R I T E ( 2 s 2 4 )  V*R 

2 4  FORMAT(lOX4H V = E15.692X12HCU FT VOLUME//lOX4H R = E15o6,2X26HLBS 
1/HR GAS PRODUCTION RATE// lOX28HAFTER INJECTION RATE REMOVAL//) 
I 1  = 1  
DO 40 I t 1 9 4  
E = E l ( I )  
C A L L  SSFIRE ( I B I T )  
CALL XPRINT ( 1 1 )  
T = T l ( I )  
C A L L  HETGAZ 
J = I  1+1 
C A L L  XPRINT ( J )  
N = I  
I 1  = I I + 2  

I 1  = 9  
I 2  = 5  
J3 = I  
DO 5 0  I =  5,1192 
N = N l ( J 3 )  
E = El(I) 
T = T l ( I 2 )  
C A L L  CRlJISE (J1) 
C A L L  XPRINT ( 1 1 )  
J = I+1 
E = E l ( J )  
CALL SSFIRE ( I B I T )  
I F ( I B I T  oEQo 1) GO TO 2 0  
CALL HETGSZ 
I 1  = I I+1 
C A L L  X P R I N T ( I 1 )  
K = I  
J 3  = J 3 + 1  
I 1  = I I + 2  
I 2  = I 2 + 1  

N = N l ( 5 )  
E = E l ( 1 3 )  
T = T l ( 9 )  
J1 = 7  
C A L L  CRUISE (J1) 
WRITE (2,701 

R 1  = ~ 1 0 0 5 * V / 4 0 1 8 9 ~ ~ * ~ 1 0 ~ 3 0 ~  
TO 0 202*G*R1/3200000 
T T  1 = 0001 
I F ( T 0  oGT. T T 1  1 GO TO 80 
TO = T T 1  

RR = 2.* t (Rl+fO) 
RD = (V-VO)*D 
W R I T E ( 2 * 9 0 )  TTgRR 

40 CONTINUE 

1 

50  CONTINUE 

70 FORMAT( / / l o x  4HTANK// 1 

80 TT = Tow120 

90 FORMAT(~OX~~HTHICKNESS = E15o6~2X6HINCHES~lOXlOHDIAMETER = E 1 5 0 6 9  
12X3H F T / / )  

w 1  = 1 o 1 ~ 1 2 o 5 7 * R 1 * + 2 * T 0 * 0 1 6 1 * 1 ~ 2 8 o  I 

Figure  E -4 (continued). Fo r t r an  IV  Program - Hydrazine Electrolysis  
With Added Roll Control 
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W R I T E ( 2 r l O O )  Wl,RD,BO 
100 FORMAT(lOX29H6AL-4V TITAN1,UM TANK WEIGHT = E15*6 ,2X3HLBS/ /  

11OX21HLIQUID ELECTROLYZED = E ~ S O ~ ~ ~ X ~ H L R S / / ~ O X ] ~ H T O T A L  PROPELLANT= 
2 E 15 06 9 2X?HLRS/ / 1 

WRITE ( 3 , i i n )  
GO TO 20 
END 

$ FORTRAN LSTOUgDECK 
$ INCODE IRMF 
CSSF I R E  SSF I RE 

SUBROUTINE SSFIRE ( I B I T )  
COMMON A*B,X,Y,P,Tl rH,Al ,B 

lR1 ,TOqHl  
,V,P 

DIMENSION E 1 ( 2 0 ) r T 1 ( 2 0 ) r N 1 ( 2 0 )  
I B I T  = 0 

I E  = 100 
E = €/EO 
DO 20  K t l r I E  
A 1  = A+R 
A = A - A * E / ( Y * A l )  
R = B - B * E / ( Y * A l )  

EO = ion. 

X = A/(88001+(A/88.01+B/lOo68) 
c 1  = ~ 1 . ~ X ~ * ~ 1 . 9 8 7 2 * ~ 2 o * 3 . 4 6 9 + 3 o 5 0 8 3 ~ / 3 o ~ + X * o 1 6 9 * 8 8 ~ O 1  
XK = C l / ( C 1 - 1 . 9 8 7 2 )  
I F ( A )  1 0 0 9 1 2 5 , 1 2 5  

1 2 5  I F ( B )  1 0 0 ~ 1 5 0 , 1 5 0  

WRITE ( 2 , 1 6 0 )  

GO TO 300 

CALL HETGAS 

Y = Y * S Q R T I H l / H )  

WRITE ( 2 9 3 0 )  

WRITE ( 2 , 3 5 1  A, B, X, V *  P, Y, til 

100 I R I T  = 1 

160 F O R Y A T ( ~ O X I ~ S H A  OR B N E G A T I V E / / )  

1 5 0  P = P + ( ( ( A + R ) / A l ) + + X K )  

H 1  = P+V/10.73/Z/(A/R8.01+B/lO.68) 

20 CONTINUE 

30 F O R M A T ~ 7 X 1 H A ~ l 4 X 1 H B ~ l 4 X l H X ~ l 4 X l H V ~ l 4 X l H P ~ l 3 ~ 3 H I S ~ ~ l 3 ~ l H ~ ~ / ~  

3 5  FORMAT(7E15.6/)  
200 RETURN 

END 

Figure E-4  (continued). For t ran  IV P r o g r a m  - Hydrazine Electrolysis  
With Added Roll Control 
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-4 

-4 
0 

GENERAL SYMBOLS: 'ru 

8 
X = MOLE FRACTION OF CF 
P = TANK PRESSURE (PsIAL~ - c Isp SPECIFIC IMPULSE <LBt-SEC/LQ 

(CALCULATED AT FINAL TEMPERATURE OF MAKUMR) 

( I N I T I A L  TEMPERATURE = 53O0R) 
T = FINAL TEMPERATURE OF MANEWER -(OR) 

I N I T I A L  C O N U I T I O N S  

C = 5 , 0 0 0  AMPS E L k C T H O L V S I S  CURRtNT 

A = 1 0 7 , 0 0 0  POUNDS FHEON 
B n  0, - POUNDS E L E C T R O L Y S I S  G A S  

. G =mu,aaa..PsL~ PHESSUKE 

. - 

- . . . ._ - - 
V = 0 , 3 2 8 6 0 9 t  0 1  CU F T  VOLUME 

R = 0,32Y427€-02 L B S I H R  GAS PRODUCTION RATE - -  . . 

AFTER I N J k C T I O N  H A T t  WEMOVAL 
_..- . _ _  - _ _  

A B X V 
-- __-- ____ - 

P 

0 .343913E 04 

I SP T 

0.103228E 03 0 ,  0,100000E 0 1  0 . 3 2 8 6 0 9 E  0 1  
BErORC ACQUISITION OF REFS 

-- A 4 -. X V 

0 . 4 9 7 5 7 5 E  02 0 .525YU5t  0 3  

P 

0,145411E 04 

ISP 

0 . 5 J 0 3 4 1 E  0 2  

T 

0 .5300UOE 03 0 ~ 1 0 3 2 2 8 ~  a3 . ~ 3 a 4 2 7 t - o ~  0 . 9 9 9 7 ~ 7 ~  00 0 . 3 2 8 6 1 4 ~  01 
C U M U L A T I V E  LIOUIU E L E C T H O L Y Z t D  = 0 . 3 2 9 2 8 0 t - 0 2  

I 
AFTER ACQUISITION OF HEFS 

__ 
A B X V 

._ 

0.102785E 03 0 .328015t -OL 01999737E 0 0  0 . 3 2 8 6 1 4 E  0 1  
- _BS1pBE- RPLL C A L I B R A T I O N  

- ---B x V 

0.102ZBkE 93- 0 ~ 1 1 5 1 5 8 t - 0 1  01999078E 0 0  0 . 3 2 8 6 2 7 E  0 1  
C U M U L A T I V E  L I Q U I D  ELECTROLYZED = 0 . 1 1 5 2 1 6 k - 0 1  

AFTER R O L L  C A L I O R A T I O N  
--- ~ - ._ 

P 

0 . 1 4 4 6 9 2 €  04 

I SP 

0 . 4 9 9 9 8 9 E  02 

T 

0 . 5 2 9 2 5 4 E  03 

I SP 

0 . 5 0 0 2 4 4 E  02 

T 

0.530000E 03 

P 

0.132736E 0 4  

I SP 

0.493Y96E 0 2  

T 

0 . 5 1 6 2 2 4 t  03  

P 

0.135892€ 0 4  

I SP 

0 . 5 0 0 8 2 6 E  0 2  

T 

0.5300UOt 0 3  

P 

O , i 3 5 3 4 5 E  0 4  

1 SP 

P..50!!S?8E 02 

T 

9 . 5 2 9 3 4 8 t  0 3  

- 
P 

0 . 1 3 5 4 9 9 t  0 4  
- __. 

I SP 

0 .500848E 02 

T 

0 . 5 3 0 0 0 0 t  03  
- .. ~ 

- 
0 . 9 4 8 8 8 1 E  02 0 . 2 2 1 2 3 7 E - 0 1  0 , 9 9 8 0 8 2 f  0 0  0 , 3 2 8 6 4 6 E  0 1  

I SI? 

0 .515511E 0 2  

T 

.9.5300UOE 0 3  

F i g u r e  E -5. Hydrazine Elec t ro lys i s  Sample Printout  
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- ~ - 
CUMULATlVE L I Q U I D  ELECTROLYZtD 8 0 , 2 1 6 5 1 6 ~  0 1  

O.lSOO09t 04 

I s p  

0.551136E 0 2  

T 

0.5300UOE 0 

B X V P 
_ _  ~ ~ 

0.825631E 0 2  0,2026876: 0 1  01831739E 0 0  0.3J2041E 0 1  0.1474396: 0 4  
.---- 

N X  3 4  Fa1 PRtSSURL WAS REACHED A T ,  52 HOURS C R U I S E ,  P @ 

- 1 , .  _ a X V 

n.di8482c - A z L - . f L a a u  0a650174E 0 0  0,356656E 0 1  

CUMULATIVE L I O U l D  ELECTROLYZED = 08507732k 0 1  

AFTtR ULRHSrREJfU AND REACQUlSlTION 

m L L B E  02 0 + 7 / 5 1 3 7 t  09 0,650174E 0 0  0.336656E 0 1  
A F T E R  F I R S T  ORBITAL CHUlSE 

A e X V 
- 

0.113506E 02 0111277t)E 0 1  01549820E 0 0  0 , 3 5 7 2 8 1 E  0 1  
_ ~ . ~_ 

CUMULATlVE L I Q U I D  ELtCTROLYLED 3 0 . 5 4 7 2 2 3 t  0 1  
.___ -_ - - - ___  

AETELOLILllTAL TRIM,TUHN,ETC, 

& -  B X V 

0.768620F 01 0.7bUQ4k 011 0,549820E 0 0  0 1 3 3 7 2 8 1 E  0 1  
€NO OF MISSION 

-~ 
CUMULATIVt L I Q U I D  ELECTHOLYLED = 0 . 5 4 7 2 2 3 t  0 1  

- 
ELECTROLYSIS STOPPkD A T ,  262 HOURS CRUISt,P= 

X H 

0.3622316 0 0  0 ~ 5 3 0 U U U E  0 3  

TANU 
- ~ -  

THICKNESS B 0 , 1 1 7 1  
~_ 

6AL-4V TITANIUM TANK 

P 

0.208114E O J  

P 

0.374938E 03 

0,319886E 03 

I SP 

0,684747E 0 2  

Z E  0 0  INCHES DIAMETER = 0.191321E 

WEIGHT = 0 . 3 3 6 7 3 8 t  0 2  LD)S 

L l O U l D  ELECTROLYZtD 0,633609E 01 LBS 

I SP 

0.529987E 02 

0.1500916 0 4  

1 SP 

Q.5 /1652€ 0 2  

I SP 

0.448144E 0 2  

I SP 

0.605312E 02 

1 SP 

0.514562E 0 2  

P 

0.200000E 0 3  

i FI 

T 

0.5277096 O! 

T 

0.5300UUE 0 3  

T 

0 . 3 2 5 7 2 1 t  0 3  

T 

0 . 5 5 0 0 0 0 €  03 

1 

0 . 4 7 1 5 1 9 t  03  

F i g u r e  E -5 (continued). Hydraz ine  E l e c t r o l y s i s  Sample  Pr in tout  
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a )  Added Roll Control System 
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b) No Added Roll Control System 

Figure  E-6. Electrolysis  Systems 
Minimum System P r e s s u r e  
Versus Initial P re s  surant  

Weight at 5 Amperes Current  



SYSTEM WEIGHTS 

Detailed l i s t ings  of components and weights f o r  the  e l e c t r o l y s i s  
s y s t e m s  and the combust ion w a t e r  rocke t  appear  in  Tables  E - 1  through E-3, 
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APPENDIX F. $UPPORTING ANALYSES - 
DUAL-MODE HYDRAZINE SYSTEMS 

In the dual-mode hydrazine s y s t e m  al l  s teady-s ta te  maneuver s  a r e  

On eliminating the steady- s t a t e  gas  requi rements ,  
accomplished with liquid monopropellant and all pulsing with the cold gas  
e lec t ro lys i s  products .  
the ullage requi red  fo r  the dual s y s t e m  is considerably s m a l l e r  than the 
ullage volumes in the e lec t ro lys i s  s y s t e m s .  
volume b y  p rep res su r i za t ion  with Freon 14 i s  insignificant,  only ni t rogen/  
hydrogen e lec t ro lys i s  gas  pressur iza t ion  i s  cons idered .  

Since fu r the r  reduction of this  

A nominal  value of 150 ps ia  was  selected fo r  the s y s t e m  operat ing 
p r e s s u r e .  
cent,  min imum s y s t e m  p r e s s u r e  was chosen as 90 ps i a .  
s a t i s f ac to ry  f o r  operat ion of the liquid engines and e l imina te  the requi rement  
f o r  a liquid p r e s s u r e  regula tor .  
r equ i r ed  limits without a p r e s s u r e  regulator .  

In o r d e r  to  maintain th rus t  levels within the specified *20 p e r -  
These  limits a r e  

The gas  t h r u s t e r s  also will  opera te  within 

The  computer  p r o g r a m  used  t o  analyze the dual s y s t e m  is a modifi-  
cation of the p r o g r a m  wr i t ten  fo r  the electrolysis  s y s t e m s .  
d i f fe rence  is  that  s teady  state maneuvers  a r e  accomplished by  liquid hydra-  
zine s o  that  the  amount of liquid used and the accompanying changes in ullage 
conditions m u s t  b e  calculated.  The accumulative amounts  of liquid expelled 
as monopropel lant  and electrolyzed f o r  pressur iza t ion  and/  or  gas  expulsion 
a r e  tabulated.  

The p r i m a r y  

A BASIC language computer p r o g r a m  is shown in Figure  F-l. 

The  method f o r  s iz ing the dual-mode s y s t e m  is ident ical  to that used 
With t h e  s m a l l  ul lages  requi red ,  p r e s  - f o r  the  a l l -gas  e lec t ro lys i s  s y s t e m .  

s u r e  is  e x t r e m e l y  sens i t ive  t o  changes in  the e lec t ro lys i s  r a t e .  
small var ia t ions  in c u r r e n t  r e su l t  i n  l a r g e  changes in the  initial ullage 
r e q u i r e m e n t .  
r equ i r ed .  
f u r t h e r  reduct ion of ullage volume.  
v e r s u s  in i t ia l  p r e s s u r a n t  weight is shown in F igu re  F - 2 .  

Therefore ,  

A limit is reached a t  which a min imum prac t i ca l  ullage is 

A plot of minimum s y s t e m  p r e s s u r e  
Negligible weight savings on tank and propel lant  a r e  rea l ized  by 
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1 
2 
4 
5 
1 0  
20 
2 5  
30 
3 5  
40 
45 
50 
55 
60 
6 5  
70 
71 
72 
73 
7 4  
7 5  
80 
8 5  
90 

REM J P L  MISSION ANALYSIS 
REM H Y D R A Z I  NE D U A L  SYSTEM (NO ROLL CONTROL) 
PRINT 
L E T  H=530 
LET D=63.1 

R E A D  G , C , A , B  
PRINT " I N I T I A L  CONDITIONS:" 
PRINT G"PSIA PRESSUEE" 
PRINT C"AMPS ELECTROLYSIS CURRENT" 
PRINT A"P0UNDS FREON" 
PRINT B"P0UNDS ELECTROLYSIS GAS" 
LET R=(3600*32.05/(96520*4*453.59) )*C 
L E T  P=G 
L E T  J=3 
GO TO 740 

LET B 3 = B  
LET B0=0 
L E T  V0=V 

PRINT V'CU FT VOLUME" 
PRI N Y  
PRINT R"LBS/HR GAS P R O D U C T I O N  RATE" 
PRINT 

LET V = ( A  /88*01+B/I0 .68)* I 0  *73*H*Z/G 

LET B2=0 

9 5  PRINT "AFTER I N J E C T I O N  R A T E  REMOVAL" 
100 LET E201.31 
105  GOSUB 600 
I 1 0  PRINT "BEFORE ACQUISITION OF REFS" 
115  LET T=1 
120  GOSUB 690 
1 2 5  PRINT "AFTER ACQUISITION OF REFS" 
130 LET E23.68 
1 3 5  GOSUB 600 
I 4 0  PRINT "BEFORE ROLL CALIBRATION"  
1 4 5  LET T 2 . 5  
1 5 0  GOSUB 690 
I 5 5  PRINT "AFTER ROLL CALIBRATION"  
160 LET E=402.63 
1 6 5  GOSUB 600 
I 7 0  PRINT "BEFORE CANOPUS ACQUISITION" 
I t 5  LET T=3.25 
180 GOSUB 690 
I 8 5  PRINT "AFTER CANOPUS ACQUISITION" 
190 LET E=l7.76 
1 9 5  GOSUB 600 
201  PRINT "BEFORE FIRST CRUISE" 
202 LET Tz.25 
203  GOSUB 690 
2 1 0  PRINT "AFTER FIRST CRUISE" 
2 1 5  L E T  N=472 
2 2 0  LET Ez.21326 
2 2 5  LET Tz.5 
2 3 0  GOSUB 700 

T N T  .. A-UER.TURNS, MIDCOURSE A N D  REACQUISITION" 

241 LET Et248.68 
245 GOSUB 6db 

4 
p3 
1 c 
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Figure  F-1. Dual-Mode Hydrazine Basic  Language Program 



50 LET J = 4  
55 GOSUB 740 
60 P R I N T  "AFTER SECOND CRUISE" 
65 LET N=960 
70 LET E=.15581 
75 LET Tz.5 
g0 GOSUB 700 
85 PR1NT"AFTER TURNS, SECOND PllDCOURSE AND RfACQUISITION" 

195 GOSUB 600 
100 LET J z 4  
185 GOSUB 740 
110 P R I N T  "AFTER THIRD CRUISE" 
515 LET N33160 
120 LET Ez.15581 
525 LET Tz.5 
530 GOSUB 700 
535 PRINT "AFTER TURNS,RETRO A N D  REACQUISITION" 
340 LET E=603.94 
345 GOSUB 600 
350 LET J=4 
3 5 5  GOSUB 740 
360 P R I N T  "AFTER FIRST ORBITAL CRUISE" 
365 LET Nz240 
370 LET Ez.14804 
375 LET Tz.5 
380 GOSUB 700 

390 LET Ez195.42 
395 GOSUB 600 

90 LET E = l l  084 

385  PRINT "AFTER ORBITAL T R I M ,  TURNS, ETC." 

400 LET 5=4 
405 GOSUB 740 
410 P R I N T  "END OF MISSION" 
415 LET N=9600 
420 LET E=.03516 

427 LET J l = 7  
430 GOSUB 700 
435 G O  TO 895 
500 DATA 
501 D A T A  
502 DATA 
600 LET J = f  
605 LET V2=V 
610 LET I 2 2 3 0  
620 LET L=E/I2 
630 LET B2=B2+L 
640 LET V=V+L/.D 

425.LET Tz.5 

650 
655 LET C1 =(l-X>*(l.9872*(2*3.469+3. 

LET X =A /88 00 1 / ( A  /88 00 l+B / 10 68) 

657 LET K = C I  / ( C l - l  .9872> 
660 LET P=P*((V2/V) 7K) 
665 G O  TO 755 

685 G O  TO 870 
690 LET J=100 
691 LET Nz=0 

675 LET H 1 =P* V/Z / 1 0 73 / ( A  /88 e0 I+B / 1 0 68 

/3 t X * . l  k .0 1 

b 
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Figure  F - 1  (continued). Dual-Mode Hydrazine Basic Language P rogram 
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692 LET T=T/J 
693 LET N2=N2+1 
694 I F  N2>JTHEN 865 
695 G O  TO 730 
700 I F  P>G THEN 817 

703 LET L=0 
705 I E T  A = @  
710 LET A I *  
715 LET B I = B  
720 LET A=A-A*E/I/(A+B) 
7 2 5  LET B=B-B*E/I/(AI+B) 
730 LET B=B+T*R 
733 LET B 0 3 0 + T * R  

740 LET X=A/88.~I/(~/ss.01+B/l0.68) 
745 LET 1=125.021 
755 LET Pl=P 
771 LET Z = 1  
775 I F  J=l THEN 675 
777 I F  J = 3  THEN 70 
778 I F  J = 5  THEN 865  
780 LET P = ( A  /88.01+B / I  0.68 )* 10.73*H*Z /V 
785 LET P2=P 
790 LET YaBS(P2-PI)/G 
795 I F  Y>1.0E-5 THEN 755 
797 I F  J-4 THEN 800 
798 R E T U R N  
800 I F  J-100 THEN 808 
802 IFPcG THEN 806 
804 PRINT " FULL PRESSURE WAS R E A C H E D  AT" N2*T"RS" ,"P="P 
8 0 5  GO TO 865 
8 0 6  GO TO 693 
808 I F  P r = G  THEN 820 
810 NEXT N1 
8 1 5  G O  TO 8 6 5  
81 7 PRINT FULL PRESSURE WAS REACHED BEFORE CRUISE" ,"P="P 
818 G O  TO 
820 P R I N T  I) N=" N1 ," FULL PRESSURE WAS R E A C L E D  AT" Nl/2"HOURS CRUISE" ,"P=*'P 
822 LET J = 5  
823  LET P=G 
8 5 0  LET V=V+( ( N - N 1  >*(E) /(D*I> 1 
8 5  5 LET B = I  0.68* ( ok V / (  10 . 73*H 1 
857 LET B0A30+(( N - N I ) * ( E / I ) )  
858 GO TO 740 
8 6 5  LET H I = H  
8 6 6  LET L=0 
8 6 7  LET 1 2 3  
8 70 PRI NT "B ="B ," V=" V," P =" P ," ISP =" I 2  ," T="H1 
876 I F  J = l  THEN 879 
8 7 7 P R I N T" C U MULA T I  VE LI  Q U  I D ELEC TR 011 ZED ="B 0 
878 G O  TO 880 
8 79 PRI N T " C U M U L A T 1 V E  L I Q U I D  EXPELLED="BZ 
880 PRINT 
8 8 5  R E T U R N  
8 9 5  P R I N T  " T A N K "  
900 LET R1=(1.05*V/4.189) t ( l / 3 )  

702 FOR NI = I  ro N 

I 735 LET V=V+T*R/D 

I 

Figure F-  1 (continued). Dual -Mode Hydrazine Basic  Language P r o g r a m  
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LET ll3 =2.2*G*R 1 /320000 
E T  T1:.00 1 
I F  TP)>TI THEN 9 1 0  

~~ 

LET T 0 = T l  
P R I  NT '* THI CK NESS =*' T0* 1 2 "  I N" ," DIAMETER ="2* (R I +  TB 1 FT" 
LET W I = l  . 1 * 1 2 . 5 7 * ( ( R l + T 0 / 2 )  ?2)*.161*1728 
LET W1 =MI*  .OO 1 
PRI  NT 6A L-4V TITANIUM TANK WE1 GHT=" W1" LBS" 
P R I N T  
P R I N T  L I Q U I D  EXPELLED AS MONOPROPELLANT="B2"LBS" 
P R I N T  " LIQUID ELECTROLYZED="B0" LBS" 
P R I N T  " TOTAL HYDRAZI NE="BO+B2+B3"LBS" 
PHI NT 
P R I N T  
P R I N T  "****+***************NEXT CASE********************" 
P R I N T  
GO TO 4 
END 

F igure  F-1 (continued). Dual-Mode Hydrazine BASIC Language P r o g r a m  

WEIGHT INITIAL PRESSURANT (INp 2H2).WUNDS 

UY u 
n c v 

Figure F -2. Dual -Mode Hydrazine 
System Minimum P r e s s u r e  Versus 

Weight of Initial Pressurant  a t  
5 Amperes  Peak Current 
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CATALYTIC ENGINE PERFORMANCE 

It is wel l  es tabl ished that  effect ive specif ic  impulse  is lower  f o r  

T h e  m a n u f a c t u r e r s  a re  not  identified b e c a u s e  
catalytic engines of small s i z e .  
t h r e e  engine m a n u f a c t u r e r s .  
of t h e  p r e p r i e t a r y  iiatiii-e u i  t h e  data,  but the  data  points a r e  indicated by 
t h r e e  different  symbols  t o  show engines of the s a m e  m a k e .  
w a s  establ ished b y  one of the m a n u f a c t u r e r s  f r o m  an  unspecif ied n u m b e r  of 
t e s t s  with 0 . 1 ,  2 .5 ,  5 . 0 ,  and 75 lbf engines at 50 : 1 expansion r a t i o .  Note 
that  the 0.05-pound point on the c u r v e  w a s  repor ted  by a different  company.  
It is believed that  the sol id  c u r v e  is a fair  representa t ion  of rea l izable  p e r -  
formance  with state- of - t h e - a r t ,  engines .  

F i g u r e  F - 3  is  a compilation of data  f r o m  

T h e  solid c u r v e  

It should b e  emphas ized  that  only s teady-s ta te  f i r ings  can  give the 
indicated p e r f o r m a n c e .  
even m o r e  rapidly at low t h r u s t  l e v e l s .  F o r  example,  a 2-pound engine 
would b e  expected t o  de l iver  170 t o  180 l b f - s e c / l b m  f o r  100-mil l isecond 
pulses  and about 150 t o  160 l b f - s e c / l b m  f o r  50-mil l isecond p u l s e s .  
below 0 . 1  lbf would b e  expected to  b e  i n f e r i o r  t o  cold-gas  j e t s ,  which m a y  
del iver  upwards of 120 l b f - s e c / l b m ,  the difference being a m m o n i a  in the  

, exhaust products  and an  inefficient c h a m b e r  design for  the  ca ta ly t ic  engine 
compared  with a conventional j e t  t h r u s t e r .  

P u l s e  p e r f o r m a n c e  is  v e r y  m u c h  lower  and falls off 

Engines  

SYSTEM WEIGHTS 

A detailed l is t ing of components and weights a p p e a r s  in Table  F - 1 .  
In the  dual-mode s y s t e m ,  appropr ia te  cont ro l  valves  and t h r u s t e r  a s s e m b l i e s  
a r e  provided f o r  both liquid monopropel lant  and co ld-gas  opera t ion .  Because  
r e t r o - l e v e l  t h r u s t  is understood t o  b e  acceptab le  f o r  maneuver ing ,  common 
engines a r e  used both for  maneuver ing  and r o l l  cont ro l  during r e t r o .  Note, 
however,  that  no  redundancy has been  a s s u m e d  between liquid and gas  t h r u s t -  
e r s ,  s o  complete  s e t s  of each  type m u s t  b e  included.  

POWER REQUIREMENTS 

A c u r r e n t  range of 3 t o  5 a m p e r e s  has  b e e n  shown t o  b e  su i tab le  f o r  
all s y s t e m s .  T h e r e  a r e  no advantages t o  h igher  c u r r e n t s  b e c a u s e  m i n i m u m  
s y s t e m  p r e s s u r e  r e m a i n s  e s s e n t i a l l y  cons tan t  above th i s  range;  reduct ion in  
c u r r e n t  would r e q u i r e  an  i n c r e a s e  i n  in i t ia l  p r e s s u r a n t  in o r d e r  t o  main ta in  
minimum s y s t e m  p r e s s y r e .  

It has  been exper imenta l ly  v e r i f i e d  (Hughes,  in -house  work)  tha t  the 
voltage potential  requi red  for  r e a s o n a b l e  hydraz ine  e l e c t r o l y s i s  r a t e s  v a r i e s  
f r o m  approximately 2 volts f o r  s t a n d a r d  mil g r a d e  hydraz ine  (without e l e c -  
t ro ly te )  t o  0 . 5  volt f o r  solutions containing hydraz ine  n i t r a t e  e l e c t r o l y t e .  
T h e r e f o r e  power could range  between 1 and 10 w a t t s ,  which cons t i tu tes  a 
v e r y  s m a l l  demand on the a v e r a g e  s p a c e c r a f t .  
the continuous a m p e r a g e  r e q u i r e m e n t  fol lows.  

A t h e o r e t i c a l  t r e a t m e n t  of 
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Hvdra zine Ele c t r  olvs is 

4 
N H - N 2  t 2H2 

2 4 F a r a d a y s  

4 x 96, 500 a m p e r e - s e c o n d s  x 454 grams/pound 
3600 seconds /hour  x 32 g r a m s  

= 1521 a m p e r e -  hour  s 
pound 

= 1521 W a m p e r e s  
P 

a v e r a g e  (continuous) 

~ ~ 

w 
T = 9720 hours  (miss ion  duration) 

= 9 . 1  pounds liquid electrolyzed (wors t  c a s e  f r o m  Table  E-2)  
- P ~ -~ - 

-~ _ _ ~ ~  -~ 

1521 X 9 .  1 
97 20 

= 1 . 4 3  a m p e r e s  continuous o v e r  the to ta l  m i s s i o n  I =  

Dual- Mode Hydrazine S ys tern 

W = 14.29  pounds (all c a s e s )  

T = 9720 hours  
P 

1521 14 .29  - 2 . 2 4  a m p e r e s  continuous o v e r  the to ta l  m i s s i o n  I =  9720 

W a t e r  E l e c t  r olvs i s 

2H20 - 2 H 2 +  O2 
F a r a d a y s  

W 96y 500 
3600 x J 8  

454 = 1352 $ a m p e r e s  a v e r a g e  

W = 10.  3 pounds liquid electrolyzed ( w o r s t  c a s e  f r o m  Table  E-1) 

T = 9720 
P 

1352 lo*  = 1 . 4 4  a m p e r e s  continuous over  the total  m i s s i o n  
9720 I =  

F - 7  



In actual sys tem operation, continuous power i s  not used because of 
variable propellant consumption. 
switch which terminates  powzr to the ce l l  when full sys tem p r e s s u r e  is 
reached. 
periods of ce l l  operation. 

The prefer red  method i s  a p r e s s u r e  

A somewhat higher peak power is therefore  required during 
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Figure F-3. Specific Impulse Versus Thrust  for  Various Engines 
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APPENDIX G .  FILTERS, VALVE LEAKAGE, AND MATERIALS 

FILTRATION REQUIREMENTS 

Since prevent ion of valve leakage o r  function i m p a i r m e n t  is  d i r e c t l y  
I respons ib le  for  the f i l t ra t ion  requi rement ,  a br ie f  d i scuss ion  of l e a k  phenom- 

ena  is  in  o r d e r .  

Gas leakage a c r o s s  a valve hard  s e a t  is a r e s u l t  of the mating s u r -  
f a c e s  being too far a p a r t  in  re la t ion to the average  dis tance a gas  molecule  
m u s t  t r a v e l  i n  c r o s s i n g  the s e a t  s u r f a c e .  T h r e e  s i tuat ions occur  tha t  m a y  
keep  the mat ing  s u r f a c e s  apar t :  

1 )  Cuts o r  s c r a t c h e s  a c r o s s  the sea t  
in inspect ion and wil l  not b e  d iscussed  f u r t h e r  . )  

( T h e s e  a r e  n o r m a l l y  caught 

2 )  S u r f a c e  a s p e r i t i e s  

3) D i r t  

The  m o r e  the a s p e r i t i e s  can b e  reduced in  manufacture ,  the b e t t e r  
the valve wil l  s e a l .  On a clean s e a t ,  the l a r g e s t  a s p e r i t i e s  of the s e a t  and 
poppet m a k e  f i rs t  contac t .  
i t i e s  a r e  deformed,  m o r e  and m o r e  s m a l l e r  a s p e r i t i e s  c o m e  into contact ,  
and sea t ing  p r e s s u r e  finally is balanced without f u r t h e r  deformat ion .  
molecule  then m u s t  t r a v e l  a long and complicated path betwezn the a s p e r i t i e s  
t o  r e a c h  the d o w n s t r e a m  s i d e .  
f low b e c o m e s  m o l e c u l a r  (molecules  s t r iking the s ides  of the leakage channel 
m o r e  f requent ly  than s t r ik ing  each  o t h e r ) .  This  m e a n s  that  although the g a s  
h a s  not  b e e n  stopped f r o m  escaping,  the flow has been  reduced  s e v e r a l  o r d e r s  
of magni tude below that  achieved when the l a r g e s t  a s p e r i t i e s  f i r s t  contacted 
e a c h  o t h e r .  

As seat ing p r e s s u r e  i n c r e a s e s ,  the l a r g e r  a s p e r -  

A gas  

Within a few thousandths of an inch, the g a s  

T h e  p r o c e s s  of deforming the sur face  m e t a l  on the s e a t  by i n c r e a s i n g  
the  loading m a y  b e  t r a c e d  b y  m e a s u r i n g  the l e a k a g e .  

ing the area b y  the load .  
void s p o t s  b e a r i n g  no load, but this f a c t  was not cons idered  when calculat ing 
the  s t r e s s  as indicated by the word "apparent".  

In F i g u r e  G-1  leakage 
I v e r s u s  a p p a r e n t  contact  s t r e s s  is plot ted.  T h i s  s t r e s s  is  computed b y  divid- 

On the microscopic  l e v e l  t h e r e  a r e  a g r e a t  m a n y  

G- 1 



APPARENT CONTACT STRESS, P S I  

Figure  G-1. Leak Rate Ver sus  
S t r e s s  f o r  Flange Seal  
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The r e g i m e s  shown in  F i g u r e  G-1 d e s c r i b e  the type of deformation 

During r e g i m e  11, 
the m e t a l  undergoes .  
contact  with only light deformation of the  l a r g e r  p e a k s .  
the a s p e r i t i e s  a r e  c r u s h e d  down and there  i s  significant l a t e r a l  movement  as 
the m e t a l  flows into void a r e a s .  

In r e g i m e  I, m o s t  of the a s p e r i t i e s  a r e  forced  into 

When the load is r e v e r s e d  a f te r  passing through r e g i m e  11, the condi- 

As a r e s u l t ,  l e s s  load is needed t o  m a i n -  
t ions of r e g i m e  I11 a r e  obtained because ,  f r o m  flattening of a s p e r i t i e s ,  the 
s u r f a c e s  a r e  m o r e  n e a r l y  smooth .  
tain in t imate  contact  and low leakage .  Once s e p a r a t i o n  begins ,  however,  it 
is  m o r e  sudden and comple te .  

As might  b e  expected, the r e g i m e  I11 c u r v e  is n e a r l y  r e v e r s i b l e .  
This  i s  v e r y  significant s ince  i t  m e a n s  that  low leak  r a t e s  can be achieved 
b y  h a r d  s e a t  valves  with f a i r l y  low seat ing loads .  The only r e q u i r e m e n t  is  
that  the seat ing s u r f a c e s  m u s t  b e  deformed through r e g i m e  11. P r a c t i c a l l y  
speaking, th i s  m e a n s  that  during the a s s e m b l y  p r o c e s s  a t e m p o r a r y  heavy 
load i s  applied t o  the seat ing s u r f a c e s .  
f a c e s  b y  deforming the a s p e r i t i e s .  
a light c losing spr ing ,  and low leakage is t h u s  main ta ined .  

' 

This f la t tens  and smoothes  the s u r -  
The heavy load m a y  then b e  r e p l a c e d  b y  

The  p r o c e s s  j u s t  descr ibed  is v e r y  much like the one used at Hughes 
to  achieve good valve sea t ing  in  its att i tude cont ro l  v a l v e s .  
s u r f a c e s  a r e  f i rs t  gold plated.  Gold a s p e r i t i e s  a r e ,  of c o u r s e ,  m u c h  e a s i e r  
t o  d e f o r m  and t h e r e f o r e  a smoother  s u r f a c e  is produced.  

At Hughes the 

The  f ina l  c a u s e  of s e a t  leakage - di r t  - i s  an  obvious but complicated 
p r o b l e m .  
through a n a r r o w  gap, the  differences among t h e m  being s l igh t .  
on the a s s u m p t i o n  that  the gas  flow i s  i n  the molecular  r e g i o n .  
c a n  b e  m a d e  f o r  m a x i m u m  to le rab le  par t ic le  s ize ,  but the s implif icat ions 
necess i ta ted  b y  th i s  approach  m a k e  it valuable only as  a rough guide.  
calculated gap  width f o r  valve designs and leak r a t e s  of i n t e r e s t  t o  the p r e s -  
ent  m i s s i o n  would b e  of the o r d e r  of 300 m i c r o i n c h e s .  
allowabie contaminant  p a r t i c l e s  less  thar, 8 microns  i n  d i a m e t e r .  

S e v e r a l  f o r m u l a s  a r e  avai lable  f o r  calculat ing gas  flow r a t e  
All depend 

Calculat ions 

A 

This  c o r r e s p o n d s  to 

S e v e r a l  quest ions a r e  still unanswered, however .  How m a n y  8-micron 
p a r t i c l e s  c a n  the s e a t  to le ra te?  
able s i z e s ?  
i m p r o v e  the l e a k  r a t e ,  o r  wil l  the p a r t i c l e  b e  blown off the  s e a t  during the 
next  actuat ion? 
r e g a r d .  

W i l l  l a r g e r  p a r t i c l e s  be flattened t o  accept -  
What is the chance that  the par t ic le  wil l  fill a void and actual ly  

Apparent ly  l i t t le  or no information is  avai lable  in th i s  

In view of the uncer ta in t ies ,  select ion of a f i l t e r  of the  p r o p e r  p o r e  
s i z e  is  n o t  a c l e a r - c u t  p r o c e s s .  Good r e s u l t s  w e r e  obtained on Surveyor  
with 1 5 - m i c r o n  S c r e e n  f i l t e r s ,  but in view of the l a r g e  number  of operat ing 
c y c l e s  r e q u i r e d  on t h i s  miss ion ,  a 10-micron  f i l t e r  i s  r e c o m m e n d e d .  
p a r t i c u l a r  s t y l e  f i l t e r  i s  recommended,  because  the e f fec t iveness  of a given 
f i l t e r  is  often a function of the m a n u f a c t u r e r .  

N o  
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MATERIALS 

Some ma te r i a l s  suitable fo r  valve pa r t s  operating with var ious 
working fluids are l is ted in  Table G-1 .  

TAA.BLE G-1.  ?vfATEEiiAiS FOR VALVES AND OTHER COMPONENTS 

System 

Nitrogen 

Ammonia 

Hydrazine 
(hot gas) 

Water 
electrolysis 

Hydrazine 
electrolysis 

Housings and Lines 

Titanium; 300 
ser ies  stainless 
steel; aluminum 

Aluminum, 300 
s e r i e s  stainless 
steel 

Ti-6AL- 4V; 
300 ser ies  stain- 
less  steel; 5052, 
6061 Al 

300 s e r i e s  stain- 
less  steel; 
aluminum 

5052, 6061 Al; 
300 se r ies  stain- 
less  s teel  

Valve Poppets 

Nylon: 300 s e r i e s  
stainless steel; 
tungsten carbide 

300 se r ies  stain- 
less  steel; 
tungsten carbide 

300 ser ies  stain- 
less  steel; 
boron nitride 

300 ser ies  stain- 
less  steel; 
tungsten carbide 

300 ser ies  
stainless s teel  
tungsten carbide 

Valve Seat 

Gold plated 
stainless; sof t  
aluminum 

Gold plated 
stainless; soft 
aluminum 

300 ser ies  
stainless 
s teel  

Gold plated 
stainless; soft 
aluminum 

Gold plated 
stainless; 
soft aluminum 

Elastomeric 
Seals 

Nylon: Viton: 
silicon e; 
buna N 

Viton: 
silicone 

Teflon (low 
ternpera- 
tu re  only); 
ethylene 
propylene 

Nylon; Viton; 
s ilicone; 
buna N 

Teflon; 
ethylene 
propylene 

Fluid and Condition 
~ 

N gas 7O.F (95 
peZrcent) - 1 0 0 ' ~  at  
end of rol l  control 

NH gas 20 to 
90's 

N2, H2 gas 
<1 percent, N2H4 
up to  600'F 

N H2 gas  
7$F 
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APPENDIX H. THERMAL CONTROL 

I Substantial differences in the requirements for t he rma l  control exist  
among the attitude control sys tems considered here .  In general ,  the leas t  
demanding i s  the cold-gas system, a s  exemplified by nitrogen. Liquid- 
containing sys tems will demand m o r e  stringent thermal  control because of 
the possibility, ar is ing f r o m  the rapid change of vapor p r e s s u r e  with tem- 
perature ,  that vapor will condense in portions of the system which must  be 
f r e e  of liquid o r  solid to function properly. 

It is assumed fo r  the purposes of this discussion that the attitude 
control sys tems can be divided into two groups: 

0 The components located at  the periphery of the spacecraft  such 
a s  th rus t e r s ,  valves, and the lines leading to these components. 

0 A cent ra l  group of components, such a s  the tanks, regulators,  
and plenums which have relatively high heat contents and can be 
located in a thermostatically controlled compartment,  i f  desired. 
The hydrazine catalytic plenum, which may reach very high 
tempera tures ,  is  a special case  ( see  following discussion). 

PERIPHERAL COMPONENTS 

Pass ive  Thermal  Control 

Pass ive  thermal  control of the thrus te rs ,  th rus te r  valves, and l ines  
i s  made difficult by the low heat capacit ies of these  components, thermal  
coupling of the attitude control system with the remaining spacecraft  s t ruc-  
t u re ,  and the fact  that  the solar  thermal  flux va r i e s  with distance f rom the 
sun. (At the distance OfhMars, it i s  approximately half the flux at the 
distance of Earth.  ) The problems of a passive thermal  control method a r e  
further compounded if the vehicle a l t e r s  i t s  orientation with respect  to the 
sun f o r  any appreciable length of t ime during maneuvers ,  o r  acquires  an 
orb i t  that  t akes  the vehicle through the shadow of a planet. The relatively 
rapid dec rease  in tempera ture  of the peripheral  components under these 
conditions could place the spacecraft  in jeopardy of permanently losing all  
attitude control  within a short  period of time. 

I 

I 
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While these a rguments  a r e  necessa r i ly  qualitative in the absence of 
detailed knowledge concerning the spacecraf t  geometry and t ra jec tory ,  it i s  
believed that they a r e  sufficient to  indicate that  e lec t r ica l  h e a t e r s  o r  other 
sources  of hea t  a r e  requi red  to  guarantee proper  operation of the attitude 
control sys t ems  considered he re ,  with the possible exception of the sys t ems  
eiiipluying cold gases  which iiquify only at cryogenic tempera tures .  

, 

Active Thermal  Control 

The s implest  active the rma l  control method fo r  the per iphera l  com-  
ponents i s  a continuously operating t r ick le  hea te r  supplying enough hea t  to 
maintain the t empera tu re  of the per iphera l  components at a t empera tu re  
higher than the highest  of any of the cent ra l  components. 
method of heating is  by means  of a smal l  continuous c u r r e n t  through the 
solenoids of the th rus t e r  valves. 
be unnecessary if  they w e r e  well  insulated with superinsulation, and hea t  
flow to the spacecraf t  f r a m e  were  minimized by adequate the rma l  standoffs. 

The s imples t  

It i s  likely that  heating of the l ines  would 

This type of heating would guarantee that  any disti l lat ion occurr ing 
in the system would move liquids toward the tankage. Such an a r rangement  

. would be dynamically stable in operation, in that: 

1) Any liquid finding i t s  way into the neighborhood of the th rus t e r  
valves would be removed by disti l lat ion since the t h r u s t e r  valves  
would be the w a r m e s t  points i n  the  systems.  

2)  Excessive regulator  leakage in  the hydrazine e lec t ro lys i s ,  water  
e lec t ro lys i s ,  vaporizing liquid, and perhaps  the hydrazine 
catalytic plenum sys tem would not f i l l  the l ines  with liquid o r  
solid mater ia l .  

This heating method h a s  the incidental advantage of improving the pulse pe r -  
formance  of the t h r u s t e r s  somewhat because of the higher t e m p e r a t u r e s  of 
the propellant gas  in the line immediately u p s t r e a m  of the t h r u s t e r  valve. 

CENTRAL COMPONENTS 

In general  the attitude control  s y s t e m s  considered h e r e  will  r equ i r e  
some form of thermosta t ic  control  f o r  the propellant s torage  tanks and o ther  
cent ra l  components. 
fo r  cold-gas sys t ems  and f o r  ammonia s y s t e m s  requir ing ex terna l  hea t  
sources  f o r  supplying the hea t  of vaporization. 

Pass ive  the rma l  control  methods might be employed 

In c a s e s  of the sys t ems  containing hydrazine o r  water ,  the relat ively 
high freezing points of hydrazine and w a t e r  ( 3 5  and 3 2 ° F  respect ively) ,  the 
t ime  limitations of nonsun-oriented maneuver s  and the necess i ty  of keeping 
the tank t empera tu re  at  o r  below the t e m p e r a t u r e  of the  per iphera l  compo- 
nents  a t  all t i m e s  would make  passive t h e r m a l  control  difficult f o r  all 
sys tems except the cold-gas  system. 
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One possible approach to the problem of thermal  control of the 
tankage and other cent ra l  components of the liquid-containing sys tems 
(except for  the plenum of the hydrazine catalytic plenum system) might be 
integration with the the rma l  control of the electronics compartment. The 
heat required to  maintain the temperature  of the attitude control sys tem 
components i s  likely to  represent  only a minor portion of the heat being dumped 
to space by the thermal  control sys tem of the la rge  vehicle involved here.  
The required tempera ture  control might therefore incur no power penalty 
and very l i t t le weight penalty. 

If thermal  coupling of the electronics compartment and the central  
components of the attitude control sys tem were undesirable because of high 
t ransient  tempera ture  changes in the attitude control system, the required 
heat could be obtained by a smal l  e lectr ical  heater. Tempera ture  regulation 
could be accomplished by a thermoswitch or by louvers on the compartment. 

Plenum of Hydrazine Catalytic Plenum System 

During periods of steady-state operation the surface of the hydrazine 
catalytic plenum will become quite hot, possibly approaching 1200" F. This 
component must  therefore  be thermally isolated f rom the hydrazine tankage 
and f r o m  temperature-sensi t ive components of the space vehicle. It i s  
presumed that the hydrazine employed may  contain sma l l  quantities of water 
as an impurity;  the plenum and the l ines to  the th rus t e r s  will therefore  
probably r equ i r e  active thermal  control to prevent occurrence of a cold spot 
in the l ines where water  vapor might condense and f reeze .  

A method for thermally insulating the hydrazine catalytic sys tem 
plenum is not immediately apparent, and should receive fur ther  considera- 
tion. 
would mel t  o r  decompose a t  the plenum maximum temperature ,  
shielding with metal  foil l aye r s  would be both heavier and l e s s  efficient, a s  
would the construction of a separate  louvered compartment for the plenum. 
Insulation of the l ines to the th rus t e r s  may also present  some problems due 
to the high tempera ture  which the l ines may occasionally reach.  ''. 

The conventional types of superinsulations employ plastic f ibers  which 
Heat 

4. 

CONC L U  SIONS 

The types of t he rma l  controls necessary  for the sys tems considered 
h e r e  a r e  outlined in Table H-1. 

d. e,. 

See "Voyager Spacecraft  System, Vol, A . ,  P r e f e r r e d  Design for Flight 
Spacecraft  and Hardware Subsystems", NASA CR-71513, Boeing Company, 
January  1966. 
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TABLE H-1. THERMAL CONTROL 

System 

Cold gas  (nitrogen) 

Vaporizing liquid 
(Ammonia) 
(Propane) 

Hydrazine catalytic 
Plenum 

Hydrazine electrolysis 
Plenum 

Water electrolysis 
Plenum 

Hydrazine dual 
system 

Tanks and 
Central  

Components 

Probably passive 

Probablv active 

Active (plenum 
i s  special  case)  

Active 

Active 

Active 

Peripheral  
Components 

Probably passive 

Probablv active 

Probably active 

Active 

Active 

Active 

Cnndensab?e 
Species 

N2 

"3 
Propane 

N2H4 

H20 

*2 H4 

Condensation 
Tarr.pcr :%zc, 

'F  (a) 

-296 

1 8  
1 4  

102 
-62 

32 

32 

32 

-296 

18 
14 

32 

35 

32 

35 

(a) Estimated temperature  a t  which condensation first appears  a t  a total  gas p re s su re  of 50 psia. 
that  the sources  of the gases  are:  

It i s  assumed 

0 

0 

Saturated gases  at 70°F  and 200 psia fo r  hydrazine electrolysis  and water  e lectrolysis  cells .  

A gas  mixture containing 2 percent H20 and 10 percent  NH3 (by volume) at  50 psia  in the case  of the 
hydrazine plenum system. 

It should be noted that the condensation of liquid in the sys t em does not necessar i ly  imply sys t em failure.  
For  vaporizing liquid or cold gas sys t ems ,  the performance lo s ses  might be significant i f  liquid were  allowed to 
condense in some portion of the  line. 
result  in relatively sma l l  perturbations in performance. 

(b) 

Fo r  other systems.  entrainment of liquid in the gas  s t r e a m  would probably 

Estimated minimum allowable t empera tu re  for the sys t em is:  

0 The condensation t empera tu re  fo r  the cold gas  and the vaporizing liquid systems,  and 

The freezing point of potential condensed ma te r i a l s  in the l ines  of the  other systems.  

0 In most  ca ses  the active thermal  control requirements  would not be expected to  consume more  than a 
few watts of power per  l ine o r  per  component in the cen t r a l  group of components. 

Further  analysis of the sys t em will depend upon the geometry of the spacecraft ,  the  types of insulations 
chosen, and a m o r e  detailed knowledge of the individual systems.  
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APPENDIX I. PROPELLANT PERFORMANCE 

P e r f o r m a n c e  predict ions for  low-thrust  cold-gas  nozzles  a r e  subject  

, Condensation, boundary l a y e r ,  and r ea l -gas  effects m a y  come  into play, and 
to uncer ta in t ies  which a r e  general ly  insignificant in l a rge  combustion rocke ts .  

the quantitative effects of these phenomena on specific impulse  a r e  not 
en t i re ly  r e  solved, e i ther  theoret ical ly  and experimentally.  

As  an  in-house effor t ,  Hughes has  undertaken to  develop a computer 
p r o g r a m  capable of t rea t ing  r ea l -gas  nozzle expansion p rocesses .  
cat ions to date a r e  that r ea l -gas  effects will be  of sma l l  impor tance  in  the 
p r e s e n t  study. The p r o g r a m  i s  descr ibed  in this  section. 
t r ea tmen t ,  involving only condensation and boundary layer  co r rec t ions ,  was  
employed for  m o s t  of the calculations.  

The indi-  
. 

A simplified 

ISENTROPIC NOZZLE EXPANSION O F  AN IDEAL GAS 

The  familiar equations (Reference  1) for  isentropic  nozzle expansion: 

w h e r e  

E vacuum specific impulse ,  seconds vac  I 

g = gravi ta t ional  constant ,  f t / s ec  
2 

Y specific hea t  r a t io  
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R = g a s  constant ,  (1544 f t  l b l l b m o l ,  OR) m o l e c u l a r  weight 

T = c h a m b e r  t e m p e r a t u r e ,  OR 

P = exhaust  plane p r e s s u r e ,  psia  

P G c h a m b e r  p r e s s u r e ,  psia  

E = a r e a  r a t i o  

C 

e 

C 

= density a t  the t h r o a t ,  l b l f t  P t  

= velocity a t  the throa t ,  C , f t l s e c  
t U 

w e r e  employed to d e t e r m i n e  the specif ic  impulse  of noncondensing cold-gas  
m i x t u r e s  a s s u m e d  ideal .  Some r e s u l t s  a r e  given in Table  1-1. 

TABLE I- 1. THEORETICAL SPECIFIC IMPULSE FOR SEVERAL 
COMPOSITIONS 



EQUILIBRIUM EXPANSION O F  CONDENSABLE VAPOR 

Calculation of Poin t  and Extent  of Condensation 

The  r e s u l t s  of Table  1-1  a r e  predicated on the pe r s i s t ence  of the ideal  
gaseous s t a t e  throughout the expansion; in  actuali ty,  condensation may occur  
in  some  c a s e s .  The  effect  of condensation may be bounded by the assumpt ion  
that  a t  each  point in  the nozzle a n  amount of condensed phase  corresponding 
to the equi l ibr ium quantity a t  the local  conditions is formed.':: We have fol- 
lowed the  development of Altman and C a r t e r  (Reference 3 ) .  The f i r s t  s tep  
i s  to locate  the point of condensation a s  the point in the expansion a t  which 
the i sen t rope  in t e r sec t s  the  vap,or p r e s s u r e  curve .  For  example,  the r e s u l t  
f o r  ni t rogen i s  shown in  F i g u r e  1-1. Vapor p r e s s u r e  data for  nitrogen w e r e  
taken from Reference  4. 
was computed f r o m  the specific impulse ,  der ived f rom the relat ionship 

The enthalpy drop  f r o m  the chamber  to this  point 

2 
A H  = 1/2  muo 

where  

AH E enthalpy drop  for  m a s s  m 

- u = velocity a t  point of condensation. 
0 

F u r t h e r  points  down the  nozzle w e r e  then t rea ted  by selecting a p r e s s u r e ,  
de te rmining  the t empera tu re  f rom the vapor p r e s s u r e  cu rve ,  and, f r o m  
specific hea t  and heat  of vaporization data (Reference  6 ) ,  computing the loca l  
mo le  f r ac t ion  of liquid, XI: 

0 
T 

0 
P 

t Cp  I n  - R In  - P T - 
- - AH,! T 

where  

mole  f rac t ion  of liquid *f 

R = gas  constant  1. 9872 ca lo r i e s /gmole  "K 

L p r e s s u r e  a t  onset of condensation, Atm P 

P p r e s s u r e  a t  point of in te rsec t ,  Atm 

\ 

0 

specific hea t  - ca lor ies /gmole  "K cP 

G t e m p e r a t u r e  a t  onset  of condensation, "K 
0 

T 

'::Thermal and  velocity equi l ibr ium between gaseous and condensed spec ie s  is 
a s s u m e d .  
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Figure I- 1. Equilibrium Expansion of Nitrogen 
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TEMPERATURE, T = 75OF 
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Figure 1-2.  Nitrogen Thrus t e r  Specific Impulse Versus 
Area  Ratio With Condensation and 

Boundary Layer  Effects 
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T ZE t e ,mpera ture  a t  point of intersect ion,  " K  

AHV heat  of vaporizat ion - ca lor ies /gmole  

Knowledge of Xl then permi t ted  determinat ion of the total  enthalpy change 
f r o m  the chamber .  The  corresponding a r e a  r a t io  was  then found f r o m  
c o nt inui ty . 

BOUNDARY LAYER CORRECTIONS 

In s m a l l  nozzles  boundary layer  growth may lead to a significant 
I dec remen t  in Isp. The  l o s s e s  w e r e  es t imated  by the procedure  of Spitz, 

e t  a1 (Reference  10) in which the l o s s  in thrus t  coefficient, re la t ive  to the 
one-dimensional  isentropic  value,  is predicted in t e r m s  of the th roa t  
Reynolds number .  The  effects r epor t ed  in Reference  10 for  s m a l l  hydrogen 
t h r u s t e r s  indicated that the cumulative viscous l o s s e s  with increas ing  a r e a  
r a t i o  m a y  lead to re la t ively low opt imum a r e a  r a t i o s  in  low-thrust  devices .  

, 

T h r o a t  Reynolds number data for nitrogen w e r e  computed assuming 
a n  idea l  g a s  and using viscosity data f r o m  the c r i t i ca l  tables  (Reference  6) ;  
t he  r e s u l t s  a r e  given in Table 1-2. 
to a s s u m e  a specif ic  impulse  and calculate the flow r a t e  for  a given thrus t .  
The  th roa t  d i ame te r  for  isentropic  flow and the throa t  Reynolds number a r e  
then computed,  to yield a l o s s  in th rus t  coefficient for a given a r e a  rat io .  
A new specif ic  impulse  may then be calculated,  and the p r o c e s s  i t e r a t ed ,  
but this  h a s  proved to be  unnecessary .  
approximate ,  and does not consider  condensation effects .  
that  G r e e r  (Reference  11) has  recent ly  questioned the validity of the 
cor re la t ion .  

The  fo rma l  procedure  in  Reference  10 i s  

The procedure  i s  in any event 
It may  be noted 

RESULTS 

R e s u l t s  f o r  nitrogen and ammonia a r e  shown in F i g u r e s  1 -2  through 
1-6. It wi l l  be  seen  ( F i g u r e &  1-3  and 1-5) that even for  ammonia ,  the specific 
impulse  is  only slightly different  for r e a l  and idea l  gas  calculations.". 

.I, 

T h e  condensation effects a r e  especially interest ing.  Less than 
1 second difference in I is observed in Figure 1-2 at high a r e a  r a t i o  for  n i t ro -  
gen with and  without condensation. F o r  ammonia,  however,  the effect  m a y  
b e  on the o r d e r  of 1 5 p e r c e n t ( F i g u r e s  1-3 through 1-6) .  The significant point 
i s  that  an i n c r e a s e  in spec i f ic  impulse  on condensation i s  indicated.  Differing 

SP 

::: 
It m a y  be noted that ideal  gas  behavior does not imply constant  gamma.  
F o r  hydrogen ,  f o r  ins tance ,  the  loss  of a deg ree  of f r e e d o m  between 300" 
and 50°K l e a d s  to  an  e r r o r  of 11 seconds in  I 
r a t i o  is  a s s u m e d  constant  out to  E = 5 0 .  

if the init ial  specific heat  SP 
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Figure  1-5. Ammonia Vaporjet Specific Impulse a s  
Function of Chamber Temperature  at  50 psia 
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T A B L E  1 - 2 .  REYNOLDS NUMBER AND NOZZLE THROAT SIZE 
FOR NITROGEN 

e F, pound d ,  c m  R 

1. 67 x 10 4 0. 01 0. 0313 

0. 1 0. 0989 5. 30 x 10 

0. 5 0 . 2 2 2  1. 19 x 10 

1. 0 0. 3 1 3  1. 67 x 10 

1 
4 

5 

5 
- 

v iews  on the  d i r ec t ion  of t h i s  e f fec t  have  been  p r e s e n t e d  ( R e f e r e n c e s  7 
through 9 ) ,  which i s  no t  s u r p r i s i n g  in v iew of t he  oppos i te  e f f ec t s  on con-  
densa t ion  of h e a t  r e l e a s e  and r educ t ion  in the  amoun t  of working  g a s .  
l imi t ed  e x p e r i m e n t a l  da ta  ava i l ab le  ind ica te  tha t  the  t h e o r e t i c a l  i n c r e a s e  i s  
no t  r e a l i z e d  in p r a c t i c e ,  b e c a u s e  of the  s h o r t  nozz le  r e s i d e n c e  t i m e s .  

T h e  

Boundary  l a y e r  e f f ec t s  a r e  not  l a r g e  f o r  t he  s i z e  t h r u s t e r s  of t h i s  
study. A b r i e f  examinat ion  of the  h e a t  ( R e f e r e n c e  10) ind ica t e s  t ha t  the  
losses for a m m o n i a  would be  of the  s a m e  o r d e r  a s  t h o s e  shown f o r  n i t rogen  
in F i g u r e  1-2.  

REAL-GAS N O Z Z L E  EXPANSION PROGRAM 

Under  an  independent  r e s e a r c h  a n d  deve lopmen t  p r o g r a m ,  Hughes 
h a s  developed a r e a l - g a s  t r e a t m e n t  of c o l d - g a s  nozz le  p e r f o r m a n c e .  The  
B e a t t i e - B r i d g e m a n  equat ion of s t a t e ,  which  con ta ins  c o m p r e s s i b i l i t y  d a t a ,  
i s  employed .  Both s ing le -  and m u l t i - c o m p o n e n t  s y s t e m s  a r e  t r e a t e d ;  in the  
l a t t e r  c a s e ,  the  en t ropy  of mix ing  and the  D a l t o n ' s  l a w  equa t ions  a r e  f o r m u -  
l a t ed  in t e r m s  of i dea l  g a s e s  f o r  s impl i c i ty .  B e c a u s e  the  p r e s s u r e s  a r e  low 
in  the  r e g i o n s  a t  which t h e s e  t e r m s  b e c o m e  i m p o r t a n t ,  it i s  f e l t  t h a t  any  
c o r r e c t i o n s  f o r  r e a l  g a s  e f fec ts  on t h e s e  equa t ions  would be  n o m i n a l .  
one-component  s y s t e m s  s u c h  a s  t h o s e  d e s c r i b e d  in  th i s  r e p o r t ,  t h e s e  a p p r o x i -  
m a t i o n s  a r e  not ,  of c o u r s e ,  involved.  

F o r  

T h e  c o m p u t e r  p r o g r a m  c a l c u l a t e s  p r o p e l l a n t  p r o p e r t i e s  a long  a 
nozz le  on the  a s s u m p t i o n  of o n e - d i m e n s i o n a l  f r e e s t r e a r n  flow. 
l a y e r  c o r r e c t i o n s  c a n  be s u p e r i m p o s e d  o n  the  in i t ia l ly  c a l c u l a t e d  condi t ions .  
The  gas  i s  a s s u m e d  to b e  inv isc id  but  c a p a b l e  of a c c e l e r a t i n g  any  condensa te  
which  m a y  a p p e a r .  

Boundary  

T h e  e n t i r e  p r o c e s s  i s  ad iaba t i c .  
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Two options a r e  available in the computation: supercooling with no  
condensation, and equi l ibr ium condensation. 
media te  between these  ex t r emes ,  but cannot eas i ly  be calculated accura te ly  
because the kinetics of nucleation a r e  poorly understood. 

The t rue  c a s e  will be inter - 

EQUATIONS AND LOGIC 

P r e s s u r e ,  t empera tu re ,  composition, and velocity of the init ial  
chamber  mix tu re  a r e  specified. 
the specific heat  of the mixture  a r e  calculated f r o m  the following empi r i ca l  
e quat ion s : 

The vapor p r e s s u r e  of each  component and 

l n p .  = Q. t Di/T t S. In  T t N . T  
1 1 1 1 

where  p':' is the base  p r e s s u r e  a t  which specific heat is  measu red .  
constants  CY, p ,  $, and 'p a r e  the m o l e  fract ion ave rages  of the individual 
constants and m u s t  be adjusted with each step during condensation since the 
re la t ive  composition of the vapor m a y  be changing. The equation of s ta te  
used  is  the Beat t ie-Bridgeman equation: 

The 

pV2 = R T  [ V t B  ( 1  - J ) ]  b a 

where  again the constants  m u s t  be properly averaged a t  a l l  t imes .  
this  equation of s ta te ,  the var ious  compressibi l i ty  re la t ions  a r e  der ived by 
per forming  the indicated par t ia l  differentiations: 

F r o m  

The  p r o g r a m  begins by calculating the specific heat  of the g a s  (o r  
vapor)  a t  the t empera tu re  and p r e s s u r e  a t  which i t  exis ts :  

I- 9 



F o r  a r e v e r s i b l e  ad iaba t ic  expans ion  with e x t e r n a l  w o r k ,  the to t a l  en t ropy  
of the f lu id  r e m a i n s  unchanged. F o r  a g a s ,  

C 
C . d x . ( l n X .  t 1) dS = q d T  - s ( % ) p d P - F  J J 3 

If the k ine t ics  of the si tuation do  not allow condensation of a s u p e r s a t u r a t e d  
vapor ,  then only the g a s  phase  wi l l  be p r e s e n t .  
cannot change, s o  tha t  

In  th i s  c a s e ,  composi t ion  

yielding 

d P  ‘P/T - 

dT - ’(a”) J m  P 

which t e l l s  how to s t e p  t e m p e r a t u r e  with p r e s s u r e  down the nozz le .  

T h e  o ther  e x t r e m e  poss ib l e  i s  t o  c o n s i d e r  e q u i l i b r i u m  condensation. 
I n  this c a s e  the composi t ion  of the vapor  can  change. 
densa t ion ,  p r e s s u r e  should be s tepped  with t e m p e r a t u r e  in the s a m e  fa sh ion  
a s  the no-condensa t ion  c a s e .  
r e l a t ionsh ip  between the  p a r t i a l  p r e s s u r e  and the vapor  p r e s s u r e  a t  the  
pa r t i cu la r  nozz le  station: 

Until the  o n s e t  of con-  

A t e s t  fo r  condensa t ion  i s  done by checking the  

Y i p  = Pi ( T )  condensa t ion  o c c u r s  in s p e c i e s  i 

Y . P  < P .  ( T )  no condensa t ion  is poss ib l e  in s p e c i e s  i 
1 1 

When condensation m a y  o c c u r ,  t he  h e a t  of vapor i za t ion  m a y  be  de f ined  
f r o m  the C laus ius  C lapeyron  equation: 

Di A. 1 = - P i T  J [Vi - v2 T - - 
T 2  

i S 
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T h e  change in composition (of t he  condensing spec ies )  of the vapor m a y  then 
be calculated by differentiating the condition of condensation, 

Pi = Y i p  

with r e s p e c t  to t empera tu re  and,  substituting dP i /dT  f r o m  the Clausius-  
Clapeyr on equation t o  yield 

dY. Jh. 1 - Yi%]  

dT 
- -  

I 

In  a nozzle ,  condensation m a y  be approximated by an i so the rma l  p r o c e s s  in 
each  nozzle increment ,  but expansion still occu r s .  F o r  the gas  phase ,  

C 
dS = 3 d T - 1  Z dX. (1nX.  t 1) 

'all spec ies  
J (%) dP-r  5 . 3  P 

Th i s  s a m e  equation appl ies  to a liquid; however, liquids m a y  be a s sumed  t o  
be incompress ib l e  in gene ra l  and mixing may  be minimal  so that  

dS = - dT T 

An i s o t h e r m a l  condensation of a sa tura ted  vapor i s  derivable f r o m  the 
Clausius-Clapeyr on equation and a Maxwell re la t ionship,  to  yield the entropy 
change for  this phase change (with the approximation that the liquid volume 
is s m a l l  compared  with the gas  volume): 

'saturated 
spec ies  

Let L be  the number  of m o l e s  of liquid per  mole  of gas  initially present .  
Then the amount  of condensation pe r  nozzle increment  is  

d L  = - ( 1  - L) C dyi  
i 
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w h e r e  the  s u m m a t i o n  i s  ove r  the  s a t u r a t e d  s p e c i e s  only. 
t ions  a r e  ca l cu la t ed  with e a c h  change  in composi t ion .  

New m o l e  f r a c -  

T h e  equ i l ib r ium condensa t ion  p r o c e s s  including the  expans ion  is 
a s s u m e d  t o  be i s en t rop ic  in the f r e e  s t r e a m :  

dS = 0 = ( 1  - L) dS t ( 1  - L)  dS g a s  condensa t ion  

' dSliquid 

Subst i tut ing and r e a r r a n g i n g ,  

d t  t C dx.  ( 1 n X .  t 1) o = -  - L c P  
1 - L  T i J  1 

all s p e c i e s  

dividing by dT and subs t i tu t ing  for d y i / d T  y ie lds ,  on so lu t ion ,  

C d x .  ( 1  t 1 n X . )  * i Y i  1 av 
J aT +-5- 1 1 

t -  - d P p C -  T 1 

P Jail s p e c i e s  
d T  = 

L cl  t c2 (V;-V1)  +- - 
J A  i 

P T  

C 

T 1 - L  T 

which t e l l s  how to  s t ep  t e m p e r a t u r e  with p r e s s u r e  du r ing  the  condensa t ion  
p r  oc  e s s . 

T h e  nozz le  p e r f o r m a n c e  can  then  be eva lua ted  a t  e a c h  s ta t ion .  A 
balance of p r e s s u r e  f o r c e s  and  m a s s  t i m e s  a c c e l e r a t i o n  y i e lds  j e t  ve loc i ty  
i n c r e a s e  between s t a t ions  

udu - 6 " a v e  
-.-. (1 .  033  x 10  ) - d p  without  condensa t ion  
gC m 

V 
- -  udu - (I - L) (1.  033  x l o q 6 )  d p  wi th  condensa t ion  

gC m 



Assuming only the vapor may  do work by expanding, the average  volume 
between stations is the volume a t  the previous station plus an incrementa l  
volume dV/2. 

T ave V 

The vacuum impulse  is  then computed by 

I 

I 
The density is  
equation, this  

U P A  t- - - -  
w gC va c I 

the m a s s  per  unit volume and, along with the continuity 
defines the c ros s - sec t iona l  a r e a .  F r o m  continuity, an 

express ion  for  c ros s - sec t iona l  a r e a  is  der ived,  

This  a r e a  i s  then tes ted  against  the a r e a  calculated in the previous s tep  in 
p r e s s u r e .  A minimum a r e a  defines the  throa t ,  f r o m  which the a r e a  r a t io  
is subsequently calculated. Not a l l  the numbers  generated have meaning 
unt i l  flow i s  choked by at ta inment  of sonic velocity. 
impulse,  a fo rce  balance is m a d e  for a unit flow r a t e  of propellant. 

As a check of specific 

A 

*throat 

Z e  = 1033 

Th i s  fo rce  Z e  is  the t h r u s t  which would be attainable by a unit weight flow 
rate of propel lant .  

The  f inal  s tep  is to increment  p (data) and T ,  Y ,  U ,  and L (calcu-  
lated) and r e p e a t  the cycle.  
condensation with consequent simplification of the calculations.  

One of the options of the p r o g r a m s  is  to ignore 

P r o b l e m s  w e r e  encountered, m o s t  of which a r e  now solved. The 
validity of the t r ea tmen t  is  indicated by the fact  that  entropy is constant ,  
m a s s  is  cons tan t ,  and the change in enthalpy equals  the gain in kinetic 
energy .  F u r t h e r ,  momentum and p r e s s u r e  a r e a  integration yield the s a m e  
spec ific impulse.  
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As of the  p r e s e n t  t i m e ,  en t ropy  of mixing,  and Da l ton ' s  law of 
p a r t i a l  p r e s s u r e s  a r e  f o r m u l a t e d  i n  i d e a l  g a s  w a y s .  Cons ide ra t ion  is be ing  
given t o  the  c o n v e r s i o n  of t h e s e  equat ions  to  t h e i r  r e a l  g a s  c o u n t e r p a r t s ,  
bu t  s ince  p r e s s u r e  is low, i t  is f e l t ,  a t  p r e s e n t ,  t ha t  the  i d e a l  g a s  f o r m u l a -  
t ion i s  l e s s  suscep t ib l e  to  e r r o r  than is ,  fo r  i n s t a n c e ,  the  one -d imens iona l  
approx ima t ion .  
is involved in  c a s e s  i n  which  only one  component  is p r e s e n t .  L a s t l y ,  s i n c e  
the  v a r i a n c e  be tween i d e a l  and r e a l - g a s  p e r f o r m a n c e  is so s m a l l ,  the  idea l -  
g a s  p r o g r a m  m a y  b e  u s e d  wi th  s o m e  conf idence  in s ing le  component  s t u d i e s  
u n d e r  the  condi t ions of the  p r e s e n t  s tudy.  

I t  should b e  noted tha t  n ~ n e  of t h e s e  idea! gas approximatioiis 

SYMBOLS 

A, a,  B, b ,  c Cons tan ts  of Bea t t i e  B r i d g m a n  equat ion 

Ai, ai,  Bi ,  b i ,  c i  Individual cons t an t s  of Bea t t i e  B r i d g e m a n  equat ion 

0 ,  P, q1v Constan ts  of spec i f i c  heat  equat ion  

Q i '  P i ,  q . , q  

Qi,  Di, S i ,  N i  

A A r e a  ( c m  ) 

Individual cons t an t s  of spec i f i c  hea t  equation 

Individual  cons t an t s  of vapor  p r e s s u r e  equat ion 
J J  

2 

cl 

C 
P 

gC 

vac  I 

J 

L 

Speci f ic  hea t  of l iquid ( c a l / g m o l e  OK) 

Spec i f ic  heat  of gas  ( o r  v a p o r )  ( c a l / g m o l e  OK) 

Grav i t a t iona l  cons t an t  ( 9 8 0 .  7 c m / s e c  ) 
2 

Speci f ic  i m p u l s e  ex i t ing  t o  v a c u u m  ( s e c )  

0 ' 0 4 1 3 4 3  Conver s ion  f a c t o r  
g 

N u m b e r  of m o l e s  of l iquid p e r  m o l e  of o r i g i n a l  
m a t e r i a l  

Molecu la r  weight  of v a p o r  ( g / g - m o l e )  

Molecu la r  weight  of s p e c i e s  j ( g / g - m o l e )  

N u m b e r  of i n c r e m e n t s  i n  C ca l cu la t ion  

m M 

M 

n 

P S ta t i c  p r e s s u r e  ( a t m )  

j 

P 

P Vapor p r e s s u r e  of componen t  j (atm) 
j 
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R 

S 

T 

U 

V 

I 
V ave 

w 

j 
Y 

Z 

P 

pL 

i A 

Note: 

Subs c r i p t  s : 

i 

j 

k 

I 

m l  - atm Gas constant,  0 8 2 . 0 6  - moleOK 

Ent ropy  ( c a l /  O K) 

T e m p e r a t u r e  ( O  K) 

Velocity ( c m / s e c )  

Volume of the l iquid (1/g-mole)  

Volume of the l iquid ( l / g - m o l e )  

Ave volume of gas  (or vapor)  i n  i n t e r v a l  between 
p r e s s u r e s  P and P t d P  ( l / g - m o l e )  

Weight f lowrate  of propellant ( g / s e c )  

Mole f rac t ion  spec ies  j 

T h r u s t  p e r  unit weight flow r a t e  of propel lant  ( s e c )  

5 
Densi ty  of the gas  (or  v a p o r )  ( g / c m  ) 

Densi ty  of the  liquid ( g / c m  ) 3 

Heat of vaporizat ion of s p e c i e s  i ( c a l / g m o l e )  

Quantit ies t o  b e  averaged  

CY .x 
J J  j 

except  for  A,where fi = C y i  & 
i J 

Sa tura ted  spec ies  only 

All s p e c i e s  

All  s p e c i e s  

Liquid 
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APPENDIX J. ELECTROLYSIS CELLS 

I The following general  comments a r e  offered as  an appraisal  of the 
status of the development of e lectrolysis  cells which produce separated 
gases  in a zero-gravity environment. 

DEVELOPMENT PROGRAMS 

Several  organizations (General Electric Missile and Space Company, 
All is-Chalmers ,  General  American Transportation Corporation, and 
Battelle Memorial  Institute) a r e  developing cells for  incorporation into life 
support  systems.  
ments of a four-man crew (8 pounds of oxygen per day),  they a r e  modular in 
design, and adaptation to other requirements  should not be difficult. 
units of most  in te res t  h e r e  a r e  the cel ls  designed for integrated life support 
sys t ems  in spacecraf t ,  such as  the developments supported by NASA/ 
Langley (Reference 1). 
employ a blower to c i rculate  the humid breathing mixture  over the electroly- 
s i s  cell ,  a mode of operation that appears unpromising for  the present  
application. 
life support  systems.  
therefore  not be suitable for zero-gravity use. 

While these units a r e  often s ized for  the oxygen requi re -  

The 

Units being developed fo r  u se  in a i rc raf t  generally 

A cell  is a lso being developed for employment in submarine 
This cel l  employs a circulating electrolyte and would 

AVMLABILITY O F  DEVELOPED HARDWARE 

N o  suitable off-the- shelf zero-gravity e lectrolysis  unit of proved 
A promising development per formance  is available a t  the present  time. 

p rogram i s  current ly  being ca r r i ed  out by Allis-Chalmers for the ILSS study 
at  NASA/Langley; the delivery of a unit to Langley for evaluation i s  antici- 
pated in August 1967. Other development effor ts  a r e  believed to be even 
fu r the r  f r o m  realization (with the possible exception of the aircraf t - type 
units mentioned above, which a r e  not well adapted to  reaction control sys t em 
use) .  

An e lec t ro lys i s  ce l l  of the ion exchange membrane  type was developed 
for  the or iginal  ILSS study program at NASA/Langley by General Electr ic  
Company (Reference 2). 
liquid f r o m  the electrolysis  cell  entered the gas side of the sys tem during 
the operation of the unit. 

During subsequent testing, i t  was found that acidic 

The causes  of this difficulty have not been 
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positively identified at p r e s e n t ,  but s o m e  possibi l i ty  ex is t s  that  the liquid is  
forced  through the m e m b r a n e  by electrob'smosis during operat ion of the cel l ,  
It is  therefore  l ikely that  f u r t h e r  development effor t  i s  n e c e s s a r y  on what 
might o therwise  have been r e g a r d e d  a s  a developed unit. 

ADAPTABILITY O F  C E L L S  TO PRESENT REQUIREMENTS 

T h r e e  a reas  of par t icu lar  i n t e r e s t  h e r e  a r e :  

1)  The s implici ty  and rel iabi l i ty  of the mechanica l  design. 

2 )  The longevity of the  s y s t e m  in  the s p a c e  environment.  

3) Power and efficiency. 

Mechanic a1 Complexity 

In m o s t  c a s e s ,  s o m e  mechanica l  components  with moving p a r t s  a r e  

This  complexity may have an impact  upon the  re l iab i l i ty  
requi red  f o r  proper  operat ion of the e l e c t r o l y s i s  c e l l s  which produce  
separa ted  gases .  
of the s y s t e m s  with s t r ingent  r e q u i r e m e n t s .  

F o r  m o s t  types of c e l l s  under  development,  p r o p e r  operat ion r e q u i r e s  
a complex p r e s s u r e  regulat ion sys tem.  
the a lka l imat r ix  c e l l s  ( s u c h  as the  TRW c e l l  and the  A l l i s - C h a l m e r s  ce l l )  
r e q u i r e s  regulat ion of the  p r e s s u r e  d i f f e r e n c e s  a c r o s s  the  matrix t o  a few 
psia.  The Genera l  E l e c t r i c  ion exchange m e m b r a n e  c e l l  r e q u i r e s  differen-  
t i a l  p r e s s u r e  regulat ion of the oxygen manifold,  t h e  hydrogen manifold,  the  
ni t rogen supply, and the water  supply t o  d i f fe rences  of a few psia .  

F o r  example,  the  operat ion of both 

F a i l u r e  of these  p r e s s u r e  regulat ion s y s t e m s  would be l ikely to  
cause  at l e a s t  a t e m p o r a r y  f a i l u r e  of the  e l e c t r o l y s i s  cell .  
the  r e s t r i c t i o n  of water  flow t o  the e l e c t r o l y s i s  matrix of an  a lka l i  matrix 
c e l l  because of low feed p r e s s u r e  would tend to  favor  mixing of the  g a s e s  by 
diffusion through re la t ive ly  d r y  a r e a s  of the  matrix and the o c c u r r e n c e  of 
hot spots in the matrix, tending t o  d e g r a d e  the  e l e c t r o d e  and a l s o  c a u s e  
fur ther  drying of the i m m e d i a t e  a r e a  of t h e  matrix. 
t e m  to n o r m a l  operating conditions would probably r e s u l t  i n  a usable ,  if 
somewhat degraded ,  e l e c t r o l y s i s  cell .  On the o ther  hand, an e x c e s s i v e  
water  feed p r e s s u r e  might c a u s e  f a i l u r e  due t o  flooding of the  c e l l  with 
water .  In th i s  c a s e ,  r e t u r n  of the s y s t e m  to n o r m a l  operat ing conditions 
might not r e t u r n  the c e l l  t o  s e r v i c a b l e  condition i f  too  much e lec t ro ly te  had 
been removed f r o m  the cell .  
solution i n  the  g a s  s i d e  of the system m i g h t  lead  t o  the  f a i l u r e  of o ther  
components downst ream of the e l e c t r o l y s i s  cell .  

F o r  example ,  

The  r e t u r n  of the S Y S -  

F u r t h e r ,  the p r e s e n c e  of a s t rongly  bas ic  

Cel l s  which o p e r a t e  upon a c i rcu la t ing  m i x t u r e  of g a s  and w a t e r  vapor  
would r e q u i r e  a mechanica l  blower,  which a p p e a r s  t o  in t roduce  even g r e a t e r  
mechanical  problems than d i f f e r e n t i a l  p r e s s u r e  regulation. 
of p r e s s u r e  regulat ion m a y  a l s o  be r e q u i r e d  by t h e s e  cel ls .  

Some d e g r e e  



One type of cell,  current ly  under development at Battelle Memorial  
Institute, o f fe rs  the possibility of grea t  mechanical simplicity in a separated 
gas electrolysis cell; this i s  the palladium-silver cathode cell  (References 3 
and 4). 
can be sustained between the hydrogen gas sys tem and the r e s t  of the system, 
it i s  possible to  eliminate at  l ea s t  one, and possibly al l  of the p r e s s u r e  
regulators  found in other systems. Such a capacity to sustain higher p r e s -  
s u r e  differences between gas  plenums might a lso improve sys tem reliabil i ty 
by allowing electrolysis  cell  operation in the presence of excessive leakage 
r a t e s  f r o m  one of the gas plenums. In the other systems,  the nonleaking 
plenum might have to  be vented in order  to  maintain the proper p r e s s u r e  
differential between various par t s  of the systems. 

Because la rge  p re s su re  differentials (perhaps 2000 ps ia  or  more)  

Longevitv of Electrolvsis  Unit 

One of the potential problem a r e a s  in which no f i r m  information can 
be obtained until a body of t e s t  experience is accumulated i s  the anticipated 
useful life of the complete electrolysis unit, including all  required p r e s s u r e  
regulators ,  valves,  and electr ical  power supplies. Insofar a s  the electro- 
lysis  cel l  itself i s  concerned, however, it appears that a useful life of many 
years  can be achieved by proper selection of mater ia l s  and operating 
conditions. 

In general ,  a long cell  life would be obtained by employing relatively 
thick, smooth electrodes of highly compatible mater ia l s  instead of the high 
surface a r e a  type of electrode, and selecting lower operating tempera tures  
and lower cu r ren t  densit ies than in cur ren t  designs. 
certainly be heavier than a cell  operating at high cur ren t  densities. 
power efficiency of the cel l  would probably be somewhat lower than cel ls  of 
s imi la r  capacity which employ high surface a r e a  electrodes,  although the 
reduction in cu r ren t  density will tend to improve the power efficiency of 
the cell. 

Such a cel l  would 
The 

Of par t icular  in te res t  in this respect  a r e  the resu l t s  of long t e r m  
tests  with an "electrowinning" apparahs (Reference 15) ir, which over 14 ,001  
hours  of operation resul ted in no degradation of the cell  charac te r i s t ics ,  and 
t e s t s  on a high p r e s s u r e  electrolysis cel l  (Reference 15) in which over 
10, 000 hours  of operation (on an intermittent schedule) were  accumulated 
with no changes in cel l  character is t ics .  In both of the above cases  a c i r -  
culating alkaline electrolyte was employed. Neither device, however, i s  
capable of operation in a zero-gravi ty  environment. 

In another long-term tes t  of electrode behavior, a palladium- silver 
alloy cathode was operated successfully for over 9, 000 hours (Reference 3 ) ,  
even though this  type of cathode is reported to  be extremely sensit ive to  
e lectrode poisoning. 

F r o m  the long-term t e s t  data obtained to date, the tentative 
conclusion may  be drawn that the limitations upon cell  operating life will be 
due essent ia l ly  to l imitations on the life of mechanical par t s  such as p r e s s u r e  
regula tors ,  the e lec t r ica l  power supply, o r ,  in the  case  of cel ls  employing ion 
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exchange membranes,  to a slow deterioration of the membrane conductivity 
with use,  and to the capability of the heat t ransfer  mechanisms to maintain 
the cell  t empera ture  within satisfactory boundaries. 

Power and Efficiencv 

Inasmuch as  the design objectives of the cel ls  described above differ 
somewhat f r o m  cel l  to cell,  the units produced by the various manufacturers  
a r e  not s t r ic t ly  comparable. It i s  of interest ,  however, to examine in a 
general  way the relative efficiencies and weights of the various cel ls  under 
development. 
voltage. 
water is about 1. 23 volts. 
heat during the  electrolysis  reaction. 

One parameter  which reflects cel l  efficiency i s  the cel l  
At ordinary tempera tures ,  the theoretical  decomposition voltage f o r  

Voltages over 1. 48 volts resul t  in the l iberation of 
(Reference 16) 

I On the assumption that the cur ren t  efficiencies of a l l  of the cel ls  
considered h e r e  a r e  essentially 100 percent (that i s ,  no cur ren t  i s  consumed 
in s ide react ions or  cur ren t  loops which bypass the cell) ,  the e lectr ical  
power consumed by a cel l  will be proportional t o  the cell  voltage, and the 
heat produced by the cell  will be approximately proportional to  the cell  
voltage minus 1. 48 volts. 

The cu r ren t  density of the cell  i s  loosely related inversely to the 
s ize  and weight of the cell. 
produce a given required weight of electrolysis products per unit t ime, a 
cell  which operates  a t  a higher cur ren t  density will requi re  a smal le r  
electrode a rea ,  which will in turn allow a smaller  overal l  cell  s ize  and 
weight. An inversely proportional relationship between these var iables  
cannot be assumed, however, because cel l  size and weight also depend upon 
such f ac to r s  a s  the a r e a  needed for sealing surfaces  and manifolding, the 
operating p res su re ,  the requirements  for heat dissipation, and the ancil lary 
equipment requi red  (such as p r e s s u r e  regulators and valves). 

Since a given total cur ren t  will be required to 

The relationship between cel l  voltage and cur ren t  density is 
summarized for  a n.clmber of water electrolysis cel ls  i~ Fig lne  J - l .  
apparent that  the generally desirable charac te r i s t ics  of high cu r ren t  density 
and low ce l l  voltage a r e  achieved best by alkaline ma t r ix  cells,  such as  
those developed by the Allis-Chalmers Company and Thompson Ram0 
Woolridge Electromechanical Division, in the present  s ta te  of the art .  The 
palladium-silver cathode cell,  which is a t  present incorporated only in 
experimental  devices,  appears  on the basis  of this evaluation to  be the most  
promising ce l l  for future development. 

It is 

P r e s e n t  s ta te-  of - the-ar t  cells  employing ion exchange membranes,  
such a s  the General  Elec t r ic  cell,  a r e  limited in cu r ren t  density and also 
have somewhat higher ce l l  voltages than the alkaline mat r ix  cells. 
ce l l s  designed to  electrolyze the water removed f rom a circulating cabin 
air s t r e a m  by a hygroscopic electrolyte bed give both the lowest cur ren t  
densi t ies  and the highest cell  voltages. 

The 
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However, nei ther  the high efficiency nor  low weight, which h a s  been 
achieved only at g r e a t  c o s t  in existing designs,  is  impor tan t  f o r  the  e l e c t r o -  
lys i s  plenum o r  dual mode cell .  On the cont ra ry ,  it is  d e s i r a b l e  t o  t r a d e  
weight and efficiency, nei ther  of which is c r i t i c a l  in the intended appl ica-  
tion, f o r  re l iabi l i ty  and durabili ty,  which a r e  of paramount  i m p o r t a n c e  on a 
lono rn i s io_n_  in  s n a r e  

b ----- r -- - -  

DETAILED DISCUSSION 

Types of Elec t ro lys i s  Cel l s  and Sys tems 

Two types of g a s  s t o r a g e  s y s t e m s  a r e  cons idered:  

1)  The s e p a r a t e d  gas  s y s t e m ,  in which the gaseous  products  f r o m  ' 
the anode and the cathode a r e  s t o r e d  i n  s e p a r a t e  p r e s s u r e  
v e s s e l s  (when mixing of the two gase's is not d e s i r e d ) .  

2 )  The mixed g a s  s y s t e m  i n  which t h e  anode and cathode products  
a r e  mixed and a r e  s t o r e d  in a single p r e s s u r e  v e s s e l  (which m a y  
a l s o  provide f o r  t h e  s t o r a g e  of the e lec t ro ly te  and the housing 
for  the e l e c t r o l y s i s  cel l ) .  

System Requi rements  and P r o b l e m  A r e a s  

Separated G a s  Cel ls  

1 )  Regulation of the  feed r a t e  

In many of the  water  e l e c t r o l y s i s  c e l l s  being developed at the 
p r e s e n t  t i m e ,  a hygroscopic  e lec t ro ly te  i s  placed i n  a thin 
m a t r i x  between the e l e c t r o d e s  and the water  is fed to  the  c e l l  
as a vapor.  The r e s u l t  of an e x c e s s i v e  feed r a t e  m a y  be the  
flooding of the  cell ,  leading t o  a poss ib le  l o s s  of e lec t ro ly te  
and p a r t i a l  o r  comple te  c e l l  fa i lure .  
may r e s u l t  in the  development  of "hot spots"  within t h e  ce l l ,  
which in t u r n  m a y  give r i s e  t o  e x c e s s i v e  c o r r o s i o n  r a t e s  o r  
l a r g e  i n c r e a s e s  in the permeabi l i ty  of the m a t r i x  t o  the  g a s e s ,  
o r  both. 

An inadequate  feed r a t e  

2)  Differ entia1 P r e s s u r e  Regulation 

In most  cel ls  which produce  s e p a r a t e l y  s t o r e d  g a s e s ,  t h e  m a t r i x  
or  other material separa t ing  the anode and cathode c o m p a r t m e n t s  
cannot withstand a l a r g e  p r e s s u r e  different ia l .  
p r e s s u r e  on the liquid f e e d  s y s t e m  a l s o  m a y  be i m p o r t a n t  in  t h e  
regulation of the  feed  r a t e .  
dc>velopnient r e q u i r e  regula t ion  of p r e s s u r e  d i f fe ren t ia l  a c r o s s  
the consti tuent p a r t s  of the  cell .  

The  r e l a t i v e  

A s  a r e s u l t ,  m o s t  c e l l s  u n d e r  
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Separation of gas  and liquid phases in z e r o  gravity 

The separation of the liquid phase f r o m  the gas.es to be fed to  
the th rus t e r s  is required.  
conditions, the gas-liquid interface i s  maintained at  the electrode 
surface by the cell  design a s  i t  is in fuel cells. 
i s  the rotating cel l  built by Battelle which uses  centrifugal 
forces  to separate  the gas f r o m  the liquid. ) Wicks may a l so  be 
incorporated in the gas  l ines to  remove any liquid that may 
appear on the gas side f r o m  condensed vapor or other causes. 

In most designs for  zero-gravity 

(An exception 

Other problem a reas  

Mechanical problems, such as seal leakage, and compatibility 
problems with the mater ia l s  of construction and the electrolyte,  
may a l so  occur. 

Mixed Gas Cells 

1 ) Z e r  0- gravity operation 

A separat ion of the g a s  phase from the liquid phase a l so  must  
be effected in the mixed gas  cell. Unlike the separated gas  cell, 
t he re  i s  no need to provide a ba r r i e r  between the anode and 
cathode compartments  which is relatively impermeable  to  gases. 
In this  case,  a weight reduction w i l l  probably be obtained by 
incorporating the electrolysis cell, the gas storage,  and the 
electrolyte s torage within the same tank. 
separating the g a s  phase f r o m  the liquid phase then becomes 
s imi l a r  to  the problem of venting the pressurizing gases  f rom 
a propellant tank under zero-gravity conditions. 

The problem of 

Bell Aerosystems Company has  made a study of the la t te r  
problem (Reference 5) and has suggested severa l  solutions. 
Since both hydrazine and water have h igh  surface tensions 
(67 and 7 2  dynes cm-1 a t  25"C, respectively),  t he re  a r e  many 
available mater ia l s  of construction which a r e  not wet by these 
liquids. 
accomplished without great  difficulty. 

The available data indicate that such venting can be 

2) Other problem a r e a s  

Mechanical and compatibility problems s imilar  in nature  to 
those of the separated gas cel l  a r e  anticipated. 
may be considerably reduced, however, by incorporating a l l  
e lectrolysis  cel l  system functions within a single p r e s s u r e  
ves se l  and by eliminating p res su re  regulators.  

The problems 
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SURVEY O F  SEPARATED GAS WATER ELECTROLYSIS C E L L  TECHNOLOG' 

A s u r v e y  of t h e  c u r r e n t  technology of water  e l e c t r o l y s i s  t o  produce 
separa ted  hydrogen and oxygen g a s e s  under  zero-gravi ty  conditions h a s  been 
c a r r i e d  out. 
f a c t u r e r s  of z e r o - v r a v i t y  0 wzter eiectrs!ysis ce l l s ,  arid t u  NASAjiangiey ,  1 

a u s e r  of e lec t ro lys i s  c e l l s  for  t h e  study of integrated l i fe  suppor t  s y s t e m s  
(ILSS). 

Visi ts  have been made  to the faci l i t ies  of s e v e r a l  of the manu-  

The development of s e v e r a l  types of e l e c t r o l y s i s  c e l l s  is c u r r e n t l y  
being funded by var ious  government  agencies.  
p ro jec ts  are a l s o  being pursued by s e v e r a l  organizat ions.  

It i s  v e r y  l ikely that  in-house 

A list of organizat ions known t o  have invest igated z e r o - g r a v i t y  
e lec t ro lys i s  is given in Table J-1. 
c e l l  m a n u f a c t u r e r s  who base  the i r  e l e c t r o l y s i s  c e l l  des igns  upon the f e a t u r e s  
of fuel ce l l s  developed f o r  zero-gravi ty  operation. To  a first  approximation,  
these  e lec t ro lys i s  c e l l s  a r e  s imply  fuel  c e l l s  "run backwards".  

Many of t h e s e  organizat ions a r e  fuel  

Near ly  all of the e lec t ro lys i s  c e l l s  reviewed h e r e  a r e  being developed 
for  life support  s y s t e m s  (i. e . ,  t o  supply breathing oxygen). Some e l e c t r o -  
chemica l  ce l l s  a r e  included in the s u r v e y  although they a r e  not e l e c t r o l y s i s  
ce l l s  ( such  as the Allis-  C h a l m e r  s a p p a r a t u s  for  "electrowinning" oxygen 
f r o m  air)  o r  a r e  not intended for  z e r o - g r a v i t y  operat ion (e. g . ,  the  All is-  
Chalmers  e l e c t r o l y s i s  c e l l  f o r  Oak Ridge).  
cer ta in  r e s p e c t s  t o  the zero-gravi ty  ce l l s ,  however ,  and the d a t a  accumu-  
lated during the tes t ing of t h e s e  devices  c a n  be of benefit in a s s e s s i n g  t h e  
prospec ts  f o r  obtaining long-lived and re l iab le  e l e c t r o l y s i s  c e l l s  f o r  s p a c e  
vehicles.  

T h e s e  c e l l s  a r e  similar in 

A d iscuss ion  of the  individual c e l l s  follows. 

Wright -Pa t te rson  A i r  F o r c e  Base  

Z e r  0 -  Gravi ty  Exper iment  Cell  

An exper imenta l  e l e c t r o l y s i s  c e l l  w a s  f a b r i c a t e d  in-house by a 
group at Wright -Pa t te rson  A i r  F o r c e  B a s e  and flown as a "piggyback" 
exper iment  on a bal l is t ic  m i s s i l e  shot  in  November 1965 (Reference  6). 
zero-gravi ty  portion of the  flight l a s t e d  between 22  and 23  minutes .  
technical r e p o r t s  of this  exper iment  have been published as yet. 

The 
NO 

Descript ion of E l e c t r o l y s i s  Unit. The e l e c t r o l y s i s  uni t  employed in 
th i s  t e s t  w a s  a s tack  of six ce l l s  housed in  a polyethylmethacrylate  c a s e .  
An alkaline e lec t ro ly te  in an a s b e s t o s  matrix w a s  held between nickel  e lec-  
t rodes.  The i n s t r u -  
mentation cons is ted  of p r e s s u r e  t r a n s d u c e r s  on t h e  hydrogen and oxygen 
s i d e s  of the cel l  a n d  c l c c t r i c a l  m e a s u r e n l e n t s  of c e l l  per formance .  

The c e l l s  w e r e  fed by wicks f r o n i  a w a t e r  r e s e r v o i r .  
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TABLE J-1. ZERO-GRAVITY ELECTROLYSIS CELL 
MANUFACTURERS AND USERS 

~ 

Organization 

Allis -Chalmers  Corporation 

Battelle Memorial  Institute 

Milwaukee, Wisconsin 

Columbus, Ohio 

General American Research 
Division, General  American 
Trans  port a t  ion Corporation, 
Niles,  Illinois 

General Elec t r ic  Missi le  
and Space Company 
Valley Forge ,  Pa.  

Hamilt on -Standard Division 
United Aircraf t  Company 
Windsor Locks,  Conn. 

Palo Alto, California 

Moffet Field,  California 

Lockheed Aircraf t  Corporation 

NASA Ames Research Center 

NASA/ Langley Research 
Center 
Hampton, Virginia 

Pratt & Whitney Division 
United Aircraf t  Company 
Hart  f o r  d ,  Connecticut 

U.S. Air F o r c e ,  Aerospace 
Medical Resea rch  L a b s . ,  
Wright -Pa t te rson  AFB, Ohio 

Flight Dynamics Labs.  , 
Wright-Pat terson AFB,  Ohio 

Division 
Euclid,  Ohio 

U . S .  Ai r  F o r c e  

T RW Electromechanical  

Project  Manager 
or 

Other Authority 

P. Anthony 

J. W. Cliff or d 

R. A. Bambanek 

Gordon Fogal 

E. Geddes 

W.J. Conner, 
et a1 

R. W, Johnson 

W. Lueckel 

R.E. Bennett 

Lt. M.A. Maxwell 

C. Fetheroff 

Major Interest  

Electrolysis  cel l  and  
fuel cel l  manufacturer 

Electrolysis  cell; other 
l ife support sys t em 
component r e s e a r c h  
and development 

Life support sys tems 

Electrolysis  cell,  fuel 
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T e s t  Resu l t s .  The  ana lys i s  of the  f l i gh t  t e s t  r e s u l t s  i s  not  y e t  
comple te  and no  r e p o r t  has been published. 
indicated that the  p r e s s u r e  of both the  oxygen and hydrogen  s i d e s  r o s e  
smooth ly  throughout  the  e n t i r e  f l i gh t ,  including the  boost  phase .  
in r a t e  w a s  o b s e r v e d  dur ing  t h e  boos t  phase .  Only a f r a c t i o n  of t h e  water 

e l ec t ro ly t e  m a t r i c e s ;  t hus  t h e  p r o p e r  ope ra t ion  of t he  wick  feed  as  w e l l  as 
the  e l e c t r o l y s i s  c e l l s  w e r e  demons t r a t ed .  

A p r e l i m i n a r y  look at t h e  r e s u l l  

NO change  

%. I G ; c i u ; ~  -c.... -- ed  i o  p roduce  the  o b s e r v e d  p r e s s u r e  r i s e  w a s  o r ig ina l ly  p r e s e n t  i n  the 

It would a p p e a r  that this e x p e r i m e n t  p rov ides  subs t an t i a l  ev idence  
that p r o p e r l y  des igned  e l e c t r o l y s i s  c e l l s  wi l l  o p e r a t e  unde r  z e r o - g r a v i t y  
conditions.  

G e n e r a l  A m e r i c a n  R e s e a r c h  Div is ion  (GARD), 
G e n e r a l  A m e r i c a n  T r a n s p o r t a t i o n  C o r p o r a t i o n  I 

C e l l  fo r  Li fe  Suppor t  S y s t e m  Studies  

S m a l l  s c a l e  c e l l s  su i t ed  f o r  l i fe  suppor t  s y s t e m  appl ica t ions  h a v e  
been  t e s t e d  o v e r  t h e  p a s t  4 y e a r s  at GARD ( R e f e r e n c e  7) .  
c e l l s  employ  a hygroscop ic  je l ly  c o m p o s e d  of H3PO4,  P 2 0 5 ,  and v a r i o u s  
addi t ives  t o  r e m o v e  m o i s t u r e  f r o m  a c i r cu la t ing  a i r s t r e a m ;  the  m o i s t u r e  
is e l ec t ro lyzed ,  r e l e a s i n g  oxygen t o  the  c i r cu la t ing  a i r s t r e a m .  

In g e n e r a l ,  t h e s e  

In the  e l e c t r o l y s i s  c e l l  e f for t ,  CARD has done w o r k  on c e l l s  employ-  
N o  publ ished r e p o r t s  on t h i s  ing m i c r o p o r o u s  and ion exchange  n i e m b r a n e s .  

w o r k  a r e  avai lable .  
deve lopment  work  t o  the  Air F o r c e  ( W r i g h t - P a t t e r s o n  AFB,  
Divis ion)  and t o  NASA ( A m e s  R e s e a r c h  C e n t e r  and Langley R e s e a r c h  Cen te r ) .  

CARD h a s  submi t t ed  p r o p o s a l s  on e l e c t r o l y s i s  c e l l  
L i f e  Suppor t  

In t h e  l i fe  s u p p o r t  s y s t e m  area, GARD h a s  inves t iga t ed  Bosch  r e a c t o r  
s y s t e m s  for  the  Navy and Saba t i e r  r e a c t o r s  fo r  the Air  F o r c e .  

Desc r ip t ion  of E l e c t r o l y s i s  C e l l  

The  m a j o r  d i f fe rence  be tween t h e  CARD c e l l  and  o t h e r  similar cells 
is  the  i n c o r p o r a t i o n  of a m i c r o p o r o u s  polyvinylch lor ide  film be tween  the  
e l e c t r o d e s  which a c t s  a s  a b a r r i e r  t o  the  diffusion of the  p roduc t  g a s e s  
a c r o s s  the c e l l .  The m i c r o p o r o u s  film is s e a l e d  t o  the  cell f r a m e ,  which  
is a l s o  f a b r i c a t e d  of po lyvinylch lor ide .  
g l a s s  f iber  r e i n f o r c e d  po lyes t e r  is  p l aced  on e a c h  s i d e  of the  m i c r o p o r o u s  
s c r e e n ,  and p la t inum s c r e e n  e l e c t r o d e s  ou t s ide  of t he  matrix c o m p l e t e  the  
s t r u c t u r e .  
is  quite l ow.  
r a n g e  f r o m  4 . 0  to  4 . 5 .  

An e l ec t ro ly t e -ho ld ing  matrix of 

In t h e i r  p r e s e n t  s t a t e  of deve lopmen t ,  the  e f f ic iency  of t h e s e  c e l l s  
At a c u r r e n t  d e n s i t y  of about  20 a m p e r e s  f t - 2 ,  c e l l  v o l t a g e s  

Conclus ions  

1) Thr, r e q u i r e m e n t  f o r  v a p o r  f e e d  f r o m  a c i r c u l a t i n g  air s t r e a m  
m a k e s  t h e s e  c e l l s  u n a t t r a c t i v e  f o r  the  p u r p o s e  c o n s i d e r e d  in  
the  p r e s e n t  s tudy .  
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A cell  of this type would probably be much m o r e  susceptible 
to  flooding and the subsequent loss of the electrolyte than cel ls  
designed for a liquid feed, such as the Allis-Chalmers,  TRW, 
or General  Electr ic  Cells. 

The efficiency of these cel ls  is much lower than that of cel ls  
with comparable capacity which employ alkaline electrolytes.  

This type of cel l  may not be a s  susceptible as other types of 
cel ls  to fa i lure  (leakage of gas through the matrix) in the event 
of inadvertent drying. 

These cel ls  a r e  specifically designed for  separated-gas opera- 
tion. 
tanks in unmanned vehicles, some sys tem of differential p r e s s u r e  
regulation would undoubtedly be required to  prevent mixing of 
the generated gases.  

Cells of this type a r e  not available a s  off-the-shelf-units at  the 
present  time. 

If they were  to be developed for the pressurizat ion of 

Battelle Memorial  Institute 

Several  types of water electrolysis cells for life support sys tems 
have been investigated a t  Battelle. These include: 

Rotating cells,  which separate  the evolved gases  f rom the 
electrolyte by centrifugal force.  

0 Vapor electrolysis  cel ls  employing a hygroscopic H 3 4  PO 
electrolyte to  remove water vapor f r o m  a circulating 
atmosphere.  

A palladium- s i lver  cathode cell, which uti l izes the permeability 
of the P d - A g  alloy to hydrogen in order  to sepzrate  t h e  h y d r o g e ~  
f r o m  the oxygen and the electrolyte. 

0 

Rotating Cells 

Work on rotating electrolysis cel ls  has been pursued at Battelle since 
about 1960 under contracts  f r o m  the Air  Force  Systems Command a t  Wright- 
Pa t te rson  AFB. 

The development of a two-man unit was completed in 1962 for  the 
Aerospace  Medical Division of the Air  Force Systems Command (Reference 8 ) ,  
Contract A F  33(616)-7351. 

In o r d e r  to  achieve long cell  l ife,  conventional commercial  mater ia l s  
were  selected;  the cell  employed nickel anodes, steel  cathodes, and an 
asbes tos  separa tor  with an  alkaline electrolyte. A complete unit weighing 
approximately 284 pounds was delivered to the Air  F o r c e  for evaluation. 
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A t  the present  t ime rotating cell  work is centered upon the 
development of a working sys tem which electrolyzes 6. 75 pounds of water 
per day. 
Dynamics Laboratory at  Wright-Patterson AFB. 
employs bipolar plates instead of the separate  cathode and anode design of 
the previous unit. 
the operating point the cu r ren t  density is approximately 37 amperes  ft  
a cell  voltage of 1. 87. As in the previous work, a very conservative 
approach to cell  design has  been taken; catalysts have not been employed on 
the electrode sur faces ,  for example, because experience indicates that 
such catalysts frequently migra te  f rom the electrode during cell  operation, 
causing a degradation of the cel l  performance, The cel l  design i s  said to 
be capable of continuous operation a t  cur ren t  densities of t h ree  t imes the 
design point cur r en t  density. 

This work is being ca r r i ed  out under a contract  to the Flight 
The new cel l  design 

The weight of the complete unit i s  about 140 pounds.2 A t  
a t  

Vapor Electrolvsis  Cells 

The group at  Battelle i s  developing a vapor e lectrolysis  cel l  
employing H3P04 as  a hygroscopic agent and electrolyte under a contract  
f r o m  NASA/Ames (NAS 2-2156) (Reference 3). 
was done under A i r  F o r c e  contract  A F  33(657)-9355 (Reference 9 ) .  
cel ls  a r e  designed to operate in a s t r e a m  of circulating cabin atmosphere 
at  7 5 ° F  and 40 percent relative humidity. 
employed to reduce the hydrogen overvoltage, 

Some previous related work 
These 

A platinized platinum cathode is 

Several  continuous runs of over 1000 hours and one continuous run of 
over 1600 hours  have been made during testing of these cells. 
pated that a t  l ea s t  one complete unit will be tested to over 3000 hours  to  
demonstrate  the long life capability of this design. 

It i s  antici- 

It has  been found that the platinum black coating has  been degraded on 
some but not a l l  e lectrodes during these extended periods of operation. 
causes  for  the breakdown of the platinized coating have not yet been 
determined. 

The 

The complete unit is composed of a s t a c k  of electrelysis  cell.: which 
i s  approximately 6 by 3 by 3 inches in s ize  and a sma l l  blower approximately 
3 inches long and 3 inches in diameter.  

Cells EmDlovine a Palladium-Silver Allov Cathode 

The application of the hydrogen transmitt ing capability of cer ta in  
palladium- s i lve r  alloys to  the problem of separating hydrogen and oxygen 
gases  evolved during the electrolysis of water has  been studied a t  Battelle 
under s e v e r a l  contracts  ( A F  33(616)-8431 (Reference l o ) ,  A F  33(657)-10988 
(Reference 4), and A F  33(615)-2954). 

In the work at Battelle, a thin sheet  o r  tube of the properly annealed 
Anodes a r e  formed Pd-Ag  alloy f o r m s  the cathode of the electrolysis cell. 

f r o m  var ious  mater ia l s ;  platinum sc reens  a re  often used. 
an experimental  ce l l  operating with a vapor feed is shown in Figure J - 2  

An example of 
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(taken f r o m  R e f e r e n c e  8). Various bases ,  including KOH, Ca(OH)2, and 
NaOH, have been employed as electrolytes .  It has been found that  all of th 
hydrogen generated at the  electrolyte-cathode i n t e r f a c e  will  be t r a n s m i t t e d  
through t h e  Pd-Ag alloy and r e l e a s e d  on the  "dry" s ide  of t h e  e l e c t r o d e  und 
the p r o p e r  e x p e r i m e n t a l  conditions,  that is, when the c e l l  is  opera t ing  at a 
c u r r e n t  densi ty  below t h e  crit ical  c u r r e n t  densi ty  value. The c r i t i c a l  c u r r c  
density value c a n  be surpr i s ing ly  high. F o r  example,  data f r o m  one s e t  of 
exper iments  at 125°C i n  66 percent  KOH solution gave c u r r e n t  dens i t ies  of 
230 a m p e r e s  f t - 2  through a 5 - m i l  s h e e t  of Pd-Ag alloy, and calculat ions 
indicate that c u r r e n t  dens i t ies  of 1150 a m p e r e s  f t - 2  would be possible  with 
a 1 - m i l  Pd-Ag alloy shee t  as  cathode (Reference  8). 

It should be noted, however ,  that  s e r i o u s  p r o b l e m s  attend the u s e  of 
the Pd-Ag cathode. 
can be s e r i o u s l y  i m p a i r e d  by minute t r a c e s  of poisoning m a t e r i a l .  
been found, f o r  example,  that  the bes t  of the avai lable  a s b e s t o s  matrix 
m a t e r i a l s  cannot be u s e d  because  the  r e s i d u a l  i m p u r i t i e s  rapidly poison the  
cathode. Elec t ro ly te  c h e m i c a l s  meet ing the chemica l ly  p u r e  (C. P. ) stand-  
a r d s  of the Amer ican  Chemica l  Society m u s t  be f u r t h e r  purified before  they 
can be employed. Ln sp i te  of t h e s e  difficult ies,  however ,  an e x p e r i m e n t a l  
c e l l  of th i s  type h a s  been operat ing continuously at Bat te l le  for wel l  over  
1 year  at 37 a m p e r e s  ft-2. 

The hydrogen t ransmi t t ing  capabili ty of t h i s  m a t e r i a l  
It h a s  

One of the m o s t  in te res t ing  f e a t u r e s  of this  type of c e l l  is  the capa-  
bility for generat ing oxygen and hydrogen at two widely d i f fe ren t  p r e s s u r e s .  
It may be possible ,  for  example,  to  g e n e r a t e  hydrogen at a high p r e s s u r e ,  
such as 2000 psia ,  while t h e  e lec t ro ly te  s i d e  (and osygen s ide)  of the c e l l  
is  at  a low p r e s s u r e  (Reference  3 ) .  

Conclusions 

1)  The employment  of a mechanica l ly  ro ta ted  c e l l  a p p e a r s  a t  f i r s t  
glance to be an u n n e c e s s a r i l y  complicated solution to  the  pro-  
blem of z e r o - g r a v i t y  e l e c t r o l y s i s  c e l l  operation. 
support  s y s t e m s ,  however ,  in  which high re l iab i l i ty  and fa i l - sa fe  
f e a t u r e s  a r e  e s s e n t i a l  and s o m e  maintenance may be avai lable ,  
t h e s e  c e l l s  offer c e r t a i n  advantages.  Simplici ty  and re l iab i l i ty  
of e l e c t r o c h e m i c a l  funct ionare obtained at the c o s t  of m e c h a n i c a l  
complexity. 

F o r  l i fe  

The Battelle unit  a p p e a r s  t o  be in a late s t a g e  of prototype 
development and m a y  be r e a d y  f o r  t h e  development  of fl ight-type 
s y s t e m s  in the n e a r  fu ture .  

While a rotat ing ce l l  might be su i tab le  for  manned s p a c e  vehicles ,  
i t  a p p e a r s  to  be unsui table  for  the m i s s i o n  c o n s i d e r e d  h e r e .  The  
problems attendant t o  t h e  des ign  of a highly r e l i a b l e  s y s t e m  wi th  
rotat ing gas  and liquid s e a l s  and e l e c t r i c a l  connect ions which c a n  
opera te  without main tenance  f o r  t h e  durat ion of the  m i s s i o n  
appear  to  be s e v e r e .  
ro ta te  the e l e c t r o l y s i s  unit. 

S o m e  power would a l s o  be r e q u i r e d  t o  
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In the case  of a spinning vehicle, designs s imi la r  to  the 
rotating ce l l  described above might be considered m o r e  
favor ably. 

2) The vapor e lectrolysis  cel l  being developed a t  Battelle appears  
to be essentially a flight prototype configuration. This cel l  is 
s imi la r  to those being developed by GARD and Lockheed which 
remove water vapor f rom a cabin atmosphere by circulating the 
atmosphere over a hygroscopic mater ia l  which also se rves  as 
the electrolyte of the cell. Cells of this type a r e  judged to be 
l e s s  suitable for  the purposes considered h e r e  than the other 

behind this  judgement is given in the comments under the GARD 
cell, which also apply in general  to all water vapor e lectrolysis  
cells. 

I types of zero-gravi ty  cel ls  being developed. The reasoning 

3) The development of a cel l  utilizing a Pd-Ag alloy cathode would 
offer many advantages for  a long duration unmanned mission. 

a )  The stringent differ entia1 pres  su r  e regulation required over 
the ent i re  operating pressure  range of the sys tem for  cel ls  
which employ a thin asbestos o r  ion exchange membrane to  
achieve separation of the generated gases  i s  not required 
for  the Pd-Ag  cathode cell. A s  mentioned, there  appears  
to  be no reason  why p res su re  differentials of severa l  
thousand psia  cannot be routinely obtained across  a Pd-Ag 
cathode with adequate mechanical strength. The increase  
in a l l  voltage necessary  to  generate p r e s s u r e s  of severa l  
thousand psia would be only a few millivolts. 

b) The probability of failure due to  ce l l  flooding and electrolyte 
loss  would be much l e s s  for a vapor feed ce l l  employing a 
P d - A g  cathode, since the oxygen and the liquid source  can 
be maintained at the same p res su re  without reference to  the 
hydrogen p r e s s u r e  (or tank volumes),  and differential p r e s -  
s u r e  regulation i s  eliminated. 
complexity of a liquid feed cell  would be obtained. 
these conditions, capil lary methods for  zero-gravity separa-  
tion of the oxygen and the stored water  or  electrolyte would 
be feasible. Allowing the cell t o  stand idle for long periods 
of t ime would also pose no problem due to  the mixing of 
hydrogen and oxygen by diffusion ac ross  the cel l  bar r ie r .  

A s imi la r  reduction in the 
Under 

c )  High cur ren t  densit ies appear to  be feasible with this type of 
cell ,  allowing compact and lightweight units to be fabricated. 

4) The longevity of the Pd-Ag cathode cel l  may be a mat te r  of 
some  concern,  since the cathode is extremely sensit ive to 
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poisoning. T h e r e  a p p e a r s  t o  be s o m e  b a s i s  for  confidence 
that  th i s  p r o b l e m  can be sa t i s fac tor i ly  reso lved ,  however ,  
s ince:  

a) P r e l i m i n a r y  wnrk at Bat tc??e has ideriiir'ied at l e a s t  one of 
the  poisoning agents (Fe) .  
KOH which does not give cathode poisoning h a s  been 
developed. 

' 

A method for  producing NaOH o r  

b) A t e s t  c e l l  h a s  been operated continuously for  over  a y e a r  
at a c u r r e n t  density of 37 a m p e r e s  f t -2 .  
developed e l e c t r o l y s i s  ce l l s  investigated in this  study have 
not demonst ra ted  th i s  d e g r e e  of longevity. 

Many of the  be t te r  

5) An off-the- shelf flight qualified e l e c t r o l y s i s  unit employing a 
Pd-Ag cathode is  probably s e v e r a l  y e a r s  away. 

Genera l  E l e c t r i c  Company, Miss i le  and Space Division (Valley F o r g e  
SDace Technical  Center )  

ILSS E l e c t r o l y s i s  Unit 

The development and fabricat ion of a water  e l e c t r o l y s i s  unit  w a s  
c a r r i e d  out by G e n e r a l  E l e c t r i c  Company under  a subcont rac t  f r o m  G e n e r a l  
Dynamics/Convair  (NAS 1-2934) f o r  inc lus  ion i n  t h e  Integrated Life Support  
System (ILSS) study at NASA/Langley. 
init iated about 3 y e a r s  ago. 

Development of th i s  equipment  w a s  

F o r  the purposes  of the study, h a r d w a r e  r e q u i r e m e n t s  w e r e  defined 
by assuming a f o u r - m a n  orb i ta l  m i s s i o n  of 1 y e a r  durat ion,  with resupply  at 
90 day in te rva ls .  The quali ty of the feed w a t e r ,  e l e c t r i c a l  l imi ta t ions ,  cool- 
ing l imitat ions,  maintenance r e q u i r e m e n t s ,  and quality of genera ted  g a s e s  
w e r e  specified.  
a l s o  requi red ,  but actual  testing under  grav i ty  conditions w a s  not planned. 

A design which w a s  su i tab le  for  z e r o - g r a v i t y  opera t ion  w a s  

It is understood that  a unit  similar t o  t h e  Langley unit h a s  been 
instal led in  the Hamilton Standard C h a m b e r  at  the  A e r o s p a c e  Medica l  L a b o r -  
a t o r y  at Wright -Pa t te rson  A F B .  
(2  pounds of oxygen p e r  d a y )  which employs  only 12 c e l l s  in a stack. 

This  uni t  is  r e p o r t e d  t o  be a one-man uni t  

Descr ipt ion of E l e c t r o l y s i s  Sys tem.  The  e l e c t r o l y s i s  un i t  developed 
11, and 12) is composed  of a cont ro l  under the  ILSS cont rac t  ( R e f e r e n c e s  2, 

module and t h r e e  e l e c t r o l y s i s  modules .  
a s tack of e l e c t r o l y s i s  c e l l s  and the a s s o c i a t e d  h a r d w a r e .  
s y s t e m  i s  20  by 20 by 36 inches  in  s i z e  and weighs approximate ly  180 pounds. 
Approximately 950 wat ts  of e l e c t r i c a l  power is r e q u i r e d  (24 to  32 vol t s )  f o r  
the operation of the  s y s t e m .  
p e r  day. 

E a c h  e l e c t r o l y s i s  module contains  
The  comple te  

The rate of e l e c t r o l y s i s  is 9 pounds of w a t e r  
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A diagram of a modular unit and i t s  associated plumbing is shown in 
Figures  3-3and J - 4  (taken f rom References 11 and 2 respectively).  
components and their  functions are  given in Table J-2.  

The 

Each module contains a s tack of 16 individual e lectrolysis  cel ls  
connected electr ical ly  in  se r i e s ,  together with the necessary  end plates, 
bolts, plumbing, and electr ical  c,onnections. A wick separa tor  device 
(Figure J - 5 )  is mounted on each end of the stack to  provide for the removal 
of any liquid f r o m  the H2 and 0 2  gas s t r eams  under zero-gravity conditions. 
The liquid is  returned to  the  water  reservoi r .  The s tack assembly is con- 
tained in a housing which is pressur ized  by N2 to approximately 1. 5 psia  
above the p r e s s u r e  of the product gases.  

In addition to  the wick separator  devices for removal  of liquid f rom 
I the gas  s t r e a m s  during zero-gravity operation, each product gas  s t r e a m  was 

also provided with a conventional "1-g" t r a p  for the removal  of liquids 
during ILSS studies a t  NASA/Langley. 

Rather stringent control of p r e s s u r e  differentials within the 
electrolysis  ce l l  i s  required during electrolysis. 
between var ious p r e s s u r e s  within the system a r e  provided by mechanical 
different ia l  p r e s s u r e  regulators :  

The following relationships 

P(N2)  = regulated p res su re  of about 9. 0 psia  

P(H2) = P(N2) - 2 psia 

P(02) = P(HZ) 

P (H20)  = P(H2) - 1. 5 psia  

In addition to the differential  p ressure  regulation indicated here ,  a 
number of the solenoids indicated in Table 5-2 a r e  actuated by p res su re  
switches; r e l i e f  actuation p res su res  a re :  

Sol -1 
Sol -2 
Sol - 3  
Sol - 4  
Sol -5 
Sol -6  

7. 0 psig 
8. 0 psig 
8. 0 psig 
6. 5 psig 
6. 5 psig 
6. 5 psig 

The basic  s t ruc ture  of the individual e lectrolysis  cel ls  is i l lustrated 
in F igure  J-6. 
ma t r ix  of flourocarbon material) contain the electrolyte (25 percent by weight 
H2SO4). The electrode mater ia l ,  platinum black, i s  coated on the membrane. 
E lec t r i ca l  contact i s  provided by a titanium-palladium alloy cur ren t  c a r r i e r .  
The cu r ren t  c a r r i e r  and membrane, together with required feedthroughs, a r e  
bonded with epoxy to  a glass  cloth reinforced epoxy frame.  The electroltye- 
filled space between electrodes i s  maintained by a ribbed spacer  of Hypalon 

Two ion exchange membranes (sulfonated polystyrene on a 
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T A B L E  J - 2 .  ELECTROLYSIS UNIT VALVE FUNCTIONS?'  

Valve Symbol 
~ 

P C V -  1 

PCV-2 

PRV- 1 

PRV-2 

PRV-3 

PRV-4 

MV-2 

MV-4 

MV-5 

MV-6 

RO- 1 

MV-lA, B & C 

MV-ZA, B C 

MV-3A, B & C 

MV-4A, B & C 

MV-5A, B & C 

Sol- 1 

Sol-2 

Sol-3 

Sol-4 

Sol-5 

Sol- 6 

Sol-A, B & C 

Valve Type 

P r e s s u r e  regulator 

P r e s  s u r  e regulator 

Back p r e s s u r e  regulator  

Back p r e s s u r e  regulator  

Back p r e s s u r e  regulator  

Back p r e s s u r e  regulator 

Manual meter ing  valve 

Manual meter ing valve 

Manual meter ing valve 

Manual meter ing valve 

Manual meter ing valve 

Manual meter ing valve 

Manual meter ing valve 

Manual meter ing valve 

Manual meter ing valve 

Manual meter ing  valve 

Solenoid valve (NC)""" 

Solenoid valve (NC) 

Solenoid valve (NC) 

Solenoid valve (NO) 

Solenoid valve (NO) 

Solenoid valve (NO) 

Solenoid valve (NO) 

Function 

Controls  feed water  p r e s s u r e  to  the 
modules 

Backup control for  N2 p r e s s u r e  to the 
modules 

Controls module O 2  p r e s s u r e  

Controls module H2 p r e s s u r e  

Limi ts  unit coolant p r e s s u r e  differential  

Rel ieves  N2 o v e r p r e s s u r e  

Connects N2 c i rcu i t  to H 2 
and pressur iza t ion  

Bypasses  H2 regulator  and vents H2 circui t  

Bypasses  O2 regulator  and vents O2 c i rcu i t  

Bypasses  water  shutoff solenoid valve 

Meters  and shuts off water  inflow 

Modulates s tack coolant flow 

Modulates wick t ranspor t  coolant 

Module water feed shutoff at  module 

Module water  feed shutoff a t  unit 

Electrolyte  bleed shutoff 

Automatic water  feed shutoff 

O2 h igh-pressure  relief 

H high- p i  e s s u r  e r eli  ef 

O2 low-pressure  shutoff 

H2 l o w - p r e s s u r e  shutoff to reduction unit  

H2 low - pr e s s u r  e shutoff 

Module on-off coolant flow control  

c i rcu i t  for  purge 

2 

>k 

** Reference 12. 

NC = Normally Closed. 
NO Normally Open 
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rubber.  
through a 0. 125-inch diameter s ta inless  s tee l  tube in the electrolyte 
volume. 

Cooling of the ce l l  is accomplished by a flow of proylene glycol 

The complete stack of electrolysis cells is approximately 6. 5 by 
7. 75 by 8. 5 inches in size. 

Performance of Electroly'sis Unit. Cell voltages a s  a function of 
cu r ren t  density for the General  Elec t r ic  cells a r e  given in F igure  J - 7  
(Reference 2). 
density of approximately 25 amperes  ft'2, which gives a voltage drop of 
1. 8 volts per  ce l l  in a new unit. 
considered to  be a high value for this type of cell. 

The units described h e r e  a r e  designed to  operate at a cur ren t  

A curren t  density of 100 amperes  f t - 2  is 

The voltage required to obtain a given cu r ren t  density has  been 
observed to increase  slowly a s  the cel l  ages. 
contribute to  the inc rease  in cel l  voltage a r e  membrane aging, l o s s  of 
e lectrode a rea ,  and increases  in the resis tance between the cur ren t  c a r r i e r  
and the electrode. 

Three fac tors  which appear to 

The r a t e  of membrane  aging is said t o  be a function of operating 
tempera ture  and the applied voltage. A relatively recent  development, the 
"S-Membrane" (Reference 12), i s  said to be much l e s s  sensit ive to  applied 
voltage than the older types of membrane. 
not available concerning either the magnitude of this effect o r  the mechanism 
by which the ion exchange membrane degradation occurs.  

More detailed information was 

Separation of platinum black electrode mater ia l  f r o m  the ion exchange 
membrane  i s  a well documented phenomenon (Reference 11) and has  occurred 
in seve ra l  t es t s .  
found in  liquid ca r r i ed  in a product g a s  line, and inspection revealed that 
f r e e  par t ic les  of platinum black were  distributed over inter ior  surfaces  of 
the cell. 
reported.  

In a t  l ea s t  one case,  particles of electrode mater ia l  were  

Transpor t  of platinum through themembranes  has also been 

Areas  of contact between the current  c a r r i e r s  and the electrode 
su r face  exhibited near ly  complete removal of the platinum black in some 
cases ,  and in other c a s e s  the contact between platinum layer  and cur ren t  
c a r r i e r  was observed to  be poor (Reference 11). 

With r ega rd  to  demonstrated electrolysis cel l  longevity, General  
Elec t r ic  has  operated seve ra l  cells  for  a s  long a s  4000 to 5000 hours ,  and 
one ce l l  has  been operated satisfactorily for m o r e  than 60, 000 hours 
(0. 7 yea r )  (Reference 12). In general, however, testing experience has  
been l imited to  runs of a few hundred hours. It i s  believed that testing in 
the re la ted  a r e a  of fuel  cel ls  employed in exchange membrane  separa tors  
(such a s  the Gemini fuel  cel ls)  also has been limited to  a few hundred hours  
in  mos t  ca ses .  
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Operat ion of the  e lec t ro lys i s  c e l l  under  zero-gravi ty  conditions has 
not been exper imenta l ly  demonstrated.  
of the c e l l  t o  o p e r a t e  under  z e r o - g r a v i t y  conditions is  gained f r o m  t h e  
repor ted  abil i ty of the  e l e c t r o l y s i s  c e l l s  t o  function ups ide  down and f r o m  tl 
successfu l  operat ion of the Gemini  fuel  ce l l s ,  which a r e  siiniiiar in design,  
ii-nder zers-gi*auiiy conditions (Reference  1 2 ) .  

Some confidence in the capabi l i ty  

The mechanica l  design of the e l e c t r o l y s i s  c e l l s  has given r i se  t o  
s e v e r a l  difficult ies in the  operat ion of the c e l l  (Reference  11): 

Numerous  l e a k s  w e r e  noted in the connections between Tygon 
tubing and t h e  m e t a l  tubes  f r o m  the e l e c t r o l y s i s  ce l l s  o r  the 
manifolds.  

Bonds between m e t a l  p a r t s  of the c u r r e n t  c a r r i e r - e l e c t r o d e -  
m e m b r a n e - f r a m e  a s s e m b l y  and the  f r a m e  itself  w e r e  not 
adequate in many c a s e s  t o  prevent  separa t ion  of the p a r t s ,  
which r e s u l t e d  in leakage f r o m  the cell.  

The r u b b e r  c e l l  s p a c e r  and e lec t ro ly te  container  w a s  com-  
p r e s s i b l e  enough t o  r e d u c e  significantly the spacing between 
e lec t rodes .  
however ,  in the e l e c t r i c a l  p e r f o r m a n c e  of the cel l .  

No ill effects  f r o m  th is  c o m p r e s s i o n  w e r e  noted, 

Leakage around s e a l s  w a s  of ten experienced,  and c o r r o s i o n  
resul t ing f r o m  the action of the  s t rongly ace t ic  e lec t ro ly te  on 
noncompatible m a t e r i a l s  w a s  often noted. 

P r e s s u r e  r e g u l a t o r s  failed to  o p e r a t e  within acceptable  limits 
in some c a s e s .  

In s e v e r a l  c a s e s  t h e  mixing of hydrogen and oxygen, and 
subsequent  r e a c t i o n  of t h e s e  g a s e s  upon the  plat inum s u r f a c e ,  
appeared  to  be the c a u s e  f o r  a r a t h e r  rap id  degradat ion of 
individual c e l l  c h a r a c t e r i s t i c s .  

E lec t ro ly te  c a r r y o v e r  into the  g a s  s i d e  (hydrogen s i d e )  of the  
c e l l  h a s  been repea ted ly  observed  during tes t ing  of t h e s e  c e l l s ,  
c au s ing c o r  r os  ion p r  o bl e m s . 

P r e s s u r e  r e g u l a t o r s  and p r e s s u r e  swi tches ,  in  p a r t i c u l a r ,  h a v e  been 
In o r d e r  t o  p e r f o r m  system t e s t s ,  it w a s  decided t o  p lace  conven- affected. 

t ional  "1-g" liquid t r a p s  in the g a s  l i n e s  f r o m  the  c e l l s  i n  o r d e r  t o  p r o t e c t  
downst ream components.  Design changes  in the wick s e p a r a t o r  a l s o  w e r e  
made. 
during per iods of standing. It h a s  been sugges ted  tha t  t h i s  behavior may be 
an electroosmotic  pumping effect  i n h e r e n t  in the  m e c h a n i s m  of opera t ion  of 
the ion exchange m e m b r a n e .  

I 

The c a u s e  of this  migra t ion  of e l e c t r o l y t e  co l lec ts  in  t h e  g a s  p a s s a g e s  
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C onc lus ions. 

The electrolysis  unit fabricated for the ILSS contract  i s  believed 
to represent  a relatively high state of development for an 
electrolysis ce l l  employing solid ion exchange membranes  for  
zero-gravity containment of the electrolyte. 
ground in fuel ce l l  te.chnology (including the development of 
qualified flight hardware on the Gemini program) has  been 
available. 

An extensive back- 

Zero-gravity operation of this electrolysis ce l l  has  not been 
demonstrated by actual test .  However, the successful operation 
of the Gemini fuel cells ,  which have a similar design, and the 
demonstrated upside down operation of the electrolysis  cells,  
offers considerable evidence that zero-gravity operation would 
be satisfactory,  provided the effects r e fe r r ed  to  in i tems 3 and 
4 below can be eliminated or  controlled. 

The problems brought to  light in the operation of the ILSS unit 
appear t o  fall  into two groups: 

a) Mechanical problems, such a s  leaking sea ls  and joints and 
inadequate s t ruc tura l  strength of the cel l  frame. 
sma l l  development efforts should quickly provide solutions 
to these problems. 

Relatively 

b) Technical l imitations of the design concept, such a s  the loss  
of platinum electrode mater ia l  f r o m  the surface of the ion 
exchange membrane,  the t ransfer  of platinum through the 
membrane,  the necessity f o r  r a the r  p rec i se  p r e s s u r e  
regulation, the increase  in membrane res i s tance  with age, 
and the t ransfer  of water and electrolyte through membrane 
during electrolysis.  
resolution of these problems will requi re  a more  extensive 
effort, including, perhaps,  the development of new mater ia l s  
and hardware i tems. 
electrolyte solution in the hydrogen manifold, the possibility 
that  the liquid is transported through the membrane itself 
by  electroEsmosis during cell operation r a i s e s  some doubt 
concerning the validity of the basic concept, since under 
these conditions the wick f o r  removing the t ransported 
electrolyte,  and not the ion exchange membrane,  is acting 
a s  the zero-gravity separator  of the liquid electrolyte and 
the gas  phase. 

It seems likely that the sat isfactory 

In the case  of the appearance of 

With respec t  t o  the problems which were  encountered in the 
NASA/Langley study, it should also be noted that the r a the r  
e r r a t i c  appearance of some of the difficulties, such as the 
lo s s  of platinum f r o m  the electrode coating on the membrane 
or  the sudden degradation of a few cells in a stack, would be 
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an  impor tan t  consider  ation when t h e  s y s t e m  re l iab i l i ty  
is a s s e s s e d  f o r  a long durat ion mission.  (Other  u s e r s  
have r e p o r t e d  similar problems with the c u r r e n t l y  
avai lable  platinized platinum e lec t rodes ;  see,  f o r  example,  
the d iscuss ion  of the work  at Battelle. 1 

The m a x i m u m  c u r r e n t  density obtainable over  long per iods  of 
t i m e  with this type of c e l l  (about 100 a m p e r e s  f t - 2 )  is con- 
s iderably  lower than the m a x i m u m  c u r r e n t  dens i t ies  obtainable 
f r o m  KOH-asbestos  matrix ce l l s ,  s o m e  of which c a n  probably 

without apparent  degradat ion i f  adequate cooling is provided. 
o p e r a t e  f o r  extended per iods  at wel l  above 1000 a m p e r e s  ft' 2 

The c e l l  developed under  the  ILSS c o n t r a c t  a l s o  exhibits a 
lar er voltage d r o p  (1. 8 volts)  at its operat ing point (25 a m p e r e s  I 

a voltage d r o p  of approximately 1. 6 volts at a c u r r e n t  density 
of 300 a m p e r e s  ft-2. 

f t -  f ) than the typical  KOH-asbestos  cel l ,  which would exhibit 

In view of t h e  many p r o b l e m s  encountered during tes t ing of the  
ILSS unit, this c e l l  cannot be r e g a r d e d  as avai lable  "off-the- 
shelf" f o r  m i s s i o n s  of t h e  type cons idered  in the p r e s e n t  study. 
Because  of the re la t ive ly  bas ic  n a t u r e  of s o m e  of the  r e p o r t e d  
p r o b l e m  a r e a s ,  it is es t imated  that  an e l e c t r o l y s i s  c e l l  of this 
type which would be qualified f o r  the m i s s i o n  of i n t e r e s t  h e r e  
is probably s e v e r a l  y e a r s  away. 

.4 
0 

m 

3.0 
N 

TYPICAL VOLTAGE M E  REPORTED 
2.8 I 

I I 
M I N I M W  VOLTPGE FOR PLATINUM 
ELECTRODE SYSTEMS 

I I - - ,- - _ _  - - - __ - THEORETICAL DECOMPOSITION 
VOLTAGE OF WATER 1.2 - 

1.0 

0.8 
0 50 100 150 200 

CURREM MNSITY,  pMP/FT2 

F i g u r e  5 - 7 .  Genera l  E l e c t r i c  Cel l  Voltage as Funct ion of 
C u r  r e n t  Densi ty  

J -24 



TRW Electromechanical Division 

TRW Cell for Orbital T e s t  

I 

Under NASA Contract NASw-998, a system composed of a zero-  
gravity water  e lectrolysis  cel l  and the associated instrumentation was 
developed fo r  fl ight testing on an orbiting vehicle (References 13 and 14). 
Two flight units,  each weighing 14. 5 pounds, were fabricated and delivered 
to NASA in the summer  of 1966. 

Description of Electrolysis  Cell. The design of the ce l l s  developed 
under this contract  differs f rom the TRW cells built previously in  that the 
water  vapor i s  supplied to the electrolyte mat r ix  of each ce l l  by  diffusion 
f rom a water t ranspor t  mat r ix ,  which i s  in turn fed by liquid water  f rom 
this r e se rvo i r .  
laminar  flow tubes of capillary s ize  which dump generated gases  into the 
space vacuum; water p re s su re  is  determined by a spring acting on a dia- 
phragm in the water  reservoi r .  This design therefore provides p r e s s u r e  
regulation during orbi ta l  t e s t  without the introduction of dynamic components 
for p r e s s u r e  regulation into the system. 

P r e s s u r e  regulation of the gases in  the cell  is provided by 

Description of Flight T e s t  System. A block diagram taken f r o m  
Reference 13 which shows the overal l  system, is shown in F igure  5-8. 

The  principal par t s  of the system a r e  the electrolysis  cel l  stack, i t s  
associated power supply (not .shown), the water r e se rvo i r ,  the f i l l  system, 
the analytical t ra ins ,  and the capillary tubes employed f o r  back p r e s s u r e  
regulation. 

It is anticipated that the electr ical  power to the s tack will be supplied 
at constant cu r ren t ,  and ce l l  voltages will give data on the performance of 
the unit. 

The construction of the electrGlysis cel l  stack i s  indicated in 
F igure  J - 9  which is  taken f rom Reference 13 with some modifications to 
bring the d iagram into agreement  with the text and figures.  

The  ce l l s  a r e  stacked in a bipolar plate type of construction. Elec-  
t r i c a l  c u r r e n t  i s  supplied to the s tack through connections on the plates 
labelled (2)  and (5) in the figure. 
e lectrode to provide performance data f o r  each cell.  

Voltage taps a r e  placed on each oxygen 

Design point specifications of the cell include: 

Cur rent  density 100 amperes  f t - 2  

A r e a  (per cell)  9 square inches 

Cur rent  6 . 2 5  amperes  

Electrolyte  32 percent KOH (by weight) 
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Operating tempera ture  140°F 

Hydro gen pr e s sur  e 14.7 psia 

Oxygen p r e s s u r e  15 .7  psia  

Water p re s su re  13. 7 to 11. 2 psia 

Cell voltage 1. 57 volts 

Stack voltage 4. 71 volts 

Water decomposition ra te  
I 

0. 139 lbs  h r - l  

Although nominal operation i s  at a cur ren t  density of 100 amperes  ft-', the 
ce l l  can be operated at  cu r ren t  densit ies a s  high a s  500 amperes  ft-2. 

Sensors  for  the Flight Tes t  System. The following senso r s  were  
selected for the flight cell: 

1) Gas temperature:  thermistor  (Fenwall GB 32JM22, 2000 ohm). 

2 )  Gas p re s su res :  p r e s s u r e  transducer (Statham PA 208 TC-25-350 
miniature  s t r a in  gage type) to  operate over range of 0 to 25 psia. 

Cell  current :  dc cu r ren t  shunt (Janco 50 MV rated a t  10 amperes  
(MIL-S- 6 1B). 

3) 

4) Humidity sensors:  conducting filen type: unit selected was 
Phys-  Chemical Research  Corporation. Type PCRC - 55. 

5) Electrolyte entrainment sensors:  ce l l  composed of a 0.4-inch 
diameter  Dyne1 M1450 fabric d isk  held between two platinum 
electrodes was constructed.  

6) Gas contamination sensors:  a sensor was constructed by  
wrapping American Cyanamid AB 6 electrode m a t e r i a l  around a 
thermis tor ;  the extent of reaction was determined by the tempera-  
t u r e  r i s e  of the catalyst-wrapped thermistor  over an  unwrapped 
thermis tor .  

7 )  Gas flow measurement:  
tube of 0. 010-inch internal  diameter w a s  used to  determine the 
gas  flow ra t e  (exit p re s su re  i s  space vacuum). 

the p re s su re  drop a c r o s s  a laminar  flow 

I 

A diagram of the sensor  assembly i s  shown in F igure  J- 10, which was  taken 
f r o m  Reference  13. 
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C o nc lus ion s . 

During the checkout t e s t s  on the flight ha rdware ,  changes in  
c e l l  voltages and indications of possible  leakage from the 
hydrogen systcr; i  w e r e  observed.  No explanation of these  
per turbat ions w a s  found during subsequent examinat ion of t he  
hardware .  

I 

Per fo rmance  evaluation t e s t s  on the TRW elec t ro lys i s  ce l l  a r e  
ve ry  l imited.  
unit w a s  under 25 hours  in durat ion;  t e s t s  of exper imenta l  ce l l s  
w e r e  under 100 hours  in durat ion,  

The r epor t ed  acceptance t e s t  run  of the  prototype 

I 

Some of the m a t e r i a l s  employed in  this  ce l l  m a y  not be  suitable 
for  long durat ion mis s ions .  In par t icu lar ,  the  select ion of epoxy 
adhesive for holding insulating shee t s  and s leeves  appea r s  to  be  
a possible  sou rce  of difficulty where  the  joints  m a y  b e  i n  contact 
with hot, concentrated KOH. In the c a s e  of the  s leeves  in  the 
water  dis t r ibut ion passages ,  a breakdown of the insulat ion might 
r e su l t  in e lec t ro lys i s  of the water  in  the water  feed s y s t e m  
(s ince the bipolar  design i s  employed),  resul t ing i n  the  produc- 
tion of gases  within the  sys t em which would d i s rup t  the  operat ion 
of the water  feed sys tem.  

The  re l iance  upon pinhole-free gold plate for the protect ion of 
the magnes ium s t ruc tu re  f r o m  hot, concentrated KOH m a y  not 
b e  justif ied for  long- te rm exposure.  

The  "analyt ical  t r a in ' '  of s e n s o r s  developed under  th i s  con t r ac t  
s e e m s  to be a unique and useful  method fo r  evaluating ce l l  
perf o r  manc  e .  

While this  par t icu lar  design does  not employ mechanica l  r egu la -  
t o r s  for  maintaining the proper  p r e s s u r e  re la t ionships  within 
the cel l ,  any useful  application of this c e l l  would r e q u i r e  such 
regulation. 

Allis-  Chalmer  s Manufacturing Company 

T h r e e  cont rac ts  for  the development  of wa te r  e l ec t ro lys i s  ce l l s  a r e  
cu r ren t ly  held by Al l i s -Cha lmers  (Reference  15): 

1) The NASA/Langley R e s e a r c h  Center  ILSS ce l l  (Cont rac t  

unit to rep lace  the G e n e r a l  E l e c t r i c  ce l l  in  the  Integrated Life 
Support  Sys tem (ILSS) study at Langley. 

NAS-1-6561), which i s  a f o u r - m a n  ( 9  pounds of water  per  day)  1 

2 )  An oxygen-generating cell for  submar ine  life support  s y s t e m s  
(Contract  NOBS - 90 502) .  
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3) A cel l  for the U. S. Atomic Energy Commission Oak Ridge 
facility, which w i l l  generate hydrogen for ammonia production. 

Allis-Chalmer s base  
extensive experience with fuel cells  and electrowinning devices.  
Over 600, 000 hours  of t e s t  cel l  operation a r e  claimed. 
t rac tua l  efforts for  the development of fuel cel ls  include contracts  

AF - 33 ( 6  15) - 1 18 5 , A F  - 3 3 (6 15) - 37 67 , and AF- 33 (6 15) - 3 7 90. 
Additional r e s e a r c h  and development of fuel cel ls  is a l so  
ca r r i ed  out with in-house efforts. 

their  electrolysis cel l  designs upon 

Con- 

NAS-8-2692, NAS 8-20573, NAS-9-5834, AF-33(657)-89070, 

Experience a t  All is-Chalmers  indicates that the problem of 
obtaining mater ia l s  of construction which w i l l  withstand long 
periods of exposure to the strong, hot alkaline solutions 
employed in their  fuel cel ls  and oxygen electrowinning apparatus 
has  been solved. Since the electrolysis cel ls  w i l l  operate  at  a 
lower tempera ture  than the fuel cells ,  i t  appears  likely that no 
additional ma te r i a l  compatibility problems will be encountered 
in this development. Tes ts  of greater  than 15, 000 hours  
(1. 7 yea r s )  duration have been run in the electro-winning 
program. 

ILSS Cell 

Development work on this cel l  i s  being ca r r i ed  out under contract  to 
NASA/Langley Resea rch  Center (NAS- 1-6561). 
August 1966 with del ivery of a completed prototype unit scheduled in 
August 1967. 
the t ime of the survey. 
interviews with the principal investigators in November 1966. 

This work was begun in 

No formal  repor t s  on this development were  available at 
The information presented he re  was obtained i n  

The Allis-Chalmers ILSS cel l  i s  designed a s  a d i rec t  replacement 
of the General  Elec t r ic  I U S  cell  and thus will be required t o  provide oxygen 
f o r  a four -man crew (8 pounds of oxygen per  day) on a 1-year mission, with 
possible resupply and maintenance a t  90-day intervals.  
99. 999 percent  or  better i s  anticipated. 
weigh about 60 pounds and will be about 20 by 14 by 13 inches in size.  

Oxygen purity of 
The delivered unit is expected to 

It is anticipated that the cell  w i l l  be designed t o  operate at. a cur ren t  
density of 100 amperes  f t - 2  at a ce l l  voltage drop  of 1 .6  volts and a tempera-  
t u r e  of 175°F. 
e lectrolysis  cu r ren t )  i s  expected to be about 40 watts. 

Total parasi t ic  power (power requirement in excess  of the 

I 
It is believed that the configuration of the cel l  w i l l  be similar to that 

In of the 2-kilowatt fuel  cell  developed for NASA/Huntsville (NAS-8-2696). 
this  fue l  ce l l  the water  i s  removed from the cell  ma t r ix  by diffusion of the 
vapor to a water  t ranspor t  matr ix .  
direction of the water t ranspor t  ma t r ix  resu l t s  f r o m  the f ac t  that  the water 
vapor p r e s s u r e  at  the water t ranspor t  matr ix  is  lower than at the cell  ma t r ix  

, A net flow of water vapor in  the 
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Decause of a difference in  the KOH concentrations a t  the two mat r ices .  
Water is removed f rom the water t ranspor t  mat r ix  by vapor diffusion into 
a region of s t i l l  lower water vapor pressure ;  this p re s su re  i s  controlled by 
a temperature-compensated regulator.  

In the case  of the electrolysis  cel l ,  i t  is anticipated that the a r range-  
Water w i l l  be supplied to the 

The KOH concentration 

ment  w i l l  be s imilar  to that in F igure  J-11,  
water t ranspor t  m a t r i x  cavity; presumably the water p re s su re  regulator or 
a check valve w i l l  prevent the loss  of electrolyte. 
a t  the water t ranspor t  ma t r ix  w i l l  be approximately 30 to 35 percent (by 
weight), approximately 5 percent lower than the KOH concentration in the , electrolysis  ma t r ix  for  an operating temperature  of 175°F. 

1 i n  KOH concentrations w i l l  provide for a net flow of water vapor to the 
, electrolysis  cel l  by diffusion. It i s  possible that some fo rm of differential 

1 p r e s s u r e  regulation between the gas  p re s su re  and the water feed p res su re  
w i l l  b e  required,  but it is understood that such regulation can  probably be  
avoided in the ILSS cell. 

The difference 

Elec t ro lvs i s  Unit for Submarines 

Work w a s  initiated i n  1964 on a water electrolysis unit to provide 

The units w i l l  be sized to deliver approximately 
breathing oxygen f o r  submarine c rews  on a contract  to the U. S. Navy Bureau 
of Ships (NOBS-90502). 
150 SCF per hour of oxygen at  a p re s su re  of 3000 psig. 
of these units is par t icular ly  interesting because of the long miss ion  dura-  
tion involved; it i s  anticipated that these units w i l l  operate  for a number of 
yea r s  without ma jo r  maintenance. 
have been ca r r i ed  out with no degradation of performance or mater ia l s  of 
construction. 

The development 

Development tes t s  of up to 10, 000 hours  

It is believed that the electrolysis units under development a t  
Allis-  Chalmer s will be  significant advancement over the present  submarine 
cells, which a r e  said to be a typical commercial  type of design and 
requi re  approximately 3. 0 volts per cell. 
with the 1. 6 to 1. 8 volts per cel l  required by typical All is-Chalmers  units 
indicates that  power losses  will be much lower for the All is-Chalmers  cell ,  
result ing in a grea t ly  reduced cooling problem and a much lighter unit. 

Comparison of this voltage d r o p  

Oak Ridge Electrolysis  Cell 

In a p rogram for the AEC/Oak Ridge facility, All is-Chalmers  is 
developing an  efficient ce l l  for the production of hydrogen f r o m  the excess  
e lec t r ica l  power generated at that facility. A s  in the case  of the Navy cell ,  
the unit should be much m o r e  efficient than conventional commerc ia l  ce l l s ,  
even when operated at cur ren t  densit ies an  order  of magnitude g rea t e r  
than the conventional cells .  
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Conclusions.  

Of the t h r e e  units d e s c r i b e d  above, only the  Langley ILSS uni t  
i s  designed for  operat ion under  zero  -grav i ty  c o ~ d i t i s n s .  
ce l l s  have not been  fl ight t e s t e d  under  z e r o - g r a v i t y  condi t ions,  
The  e l c t r o l y s i s  c e l l  design is b a s e d  upon the A l l i s - C h a l m e r s  
fuel  cel l  des igns ,  however ,  which have a d e m o n s t r a t e d  capabi l i t  
for  z e r o - g r a v i t y  operat ion.  

These i  

Of the companies  surveyed h e r e ,  A l l i s - C h a l m e r s  i s  thought to  
have the g r e a t e s t  background of exper ience  i n  e l e c t r o l y s i s  c e l l s ,  
both i n  g e n e r a l  and i n  the a r e a  of z e r o - g r a v i t y  e l e c t r o l y s i s  
ce l l s .  In p a r t i c u l a r ,  A l l i s - C h a l m e r s  is  bel ieved t o  have 
studied t h e  effects of long dura t ion  operat ion to a g r e a t e r  extent 
than o ther  companies .  E l e c t r o l y s i s  c e l l  t e s t s  of over  10, 000  
h o u r s  durat ion,  and oxygen electrowinning c e l l  t e s t s  of over  
15, 000 hours  dura t ion  have been  r u n  with negligible d e t e r i o r a t i o n  
i n  the p e r f o r m a n c e  or the  s t r u c t u r e  of the ce l l s .  

T h e  voltage efficiency of the A l l i s - C h a l m e r s  ce l l s  i s  as  high a s ,  
o r  higher than, repor ted  eff ic iencies  of compet i t ive e l e c t r o l y s i s  
c e l l s ,  with the exception of c e l l s  eniploying a pal ladium- s i lver  
alloy cathode. T h e  c u r r e n t  dens i t ies  of the A l l i s - C h a l m e r s  
c e l l s  a r e  a l s o  as  high a s ,  o r  higher  than, compet i t ive ce l l s .  

T h e  des ign  of the A l l i s - C h a l m e r s  z e r o - g r a v i t y  c e l l s  i s  s o  
a r r a n g e d  that  nonvolati le i m p u r i t i e s  in the feed water  wil l  b e  
left behind i n  the  w a t e r  t r a n s p o r t  m a t r i x  reg ion;  the  e l e c t r o l y s i s  
c e l l  i tself ,  which is  fed by water  vapor ,  wil l  t h e r e f o r e  be p r o -  
tected f r o m  poisoning by nonvolati le subs tances  in  the feed 
w a t e r ,  
in  ce l l  p e r f o r m a n c e  t h e r e f o r e  might  be expected. 

Long dura t ion  opera t ion  without significant degrada t ion  

While the All is-  C h a l m e r s  c e l l  d e s i g n  for  the NASA/Langley 
ILSS study a p p e a r s  to  b e  s u p e r i o r  to  a l te rna t ive  c e l l s ,  the  
p e r f o r m a n c e  of th i s  unit  r e m a i n s  to be d e m o n s t r a t e d  
experimental ly .  

A z e r o - g r a v i t y  e l e c t r o l y s i s  unit  i s  not avai lable  off- the-  shelf  
at  the p r e s e n t  t ime.  
available in August 1967. 

Such a unit  i n  prototype f o r m  should b e  

Lockheed A i r c r a f t  Companv, Pa lo  Alto,  Cal i forn ia  

A study of water  vapor e l e c t r o l y s i s  c e l l s  ( R e f e r e n c e  16) employing 
sulfuric acid as  the  dehumidif ier  and  e l e c t r o l y t e  h a s  been  c a r r i e d  out by 
Lockheed A i r c r a f t  Company under  c o n t r a c t  NAS 2-2630. T h i s  e f f o r t  
roughly p a r a l l e l s  the work done at  Bat te l le  on a phosphoric  acid c e l l  
descr ibed  h e r e .  
thrl cell ,  which r e m o v e s  p a r t  of the m o i s t u r e  and e l e c t r o l y z e s  i t ,  producing 

A strclani of the cabin a t m o s p h e r e  g a s e s  i s  d i r e c t e d  through 



oxygen and hydrogen. 
hydrogen is removed f r o m  the ce l l  and either dumped or  employed a s  a 
reducing agent for C02 .  

discussion i s  given because it is believed that cells  which requi re  the 
circulation of the gas  s t r e a m  over the electrodes,  a s  this one does,  a r e  
not pract ical  for  unmanned spacecraft .  

The oxygen i s  added to  the cabin atmosphere;  the 

While considerable ma te r i a l  is available on this cell,  only a brief 

Description of the Cells 

A number of cell  electrode mater ia l s  and gelling agents for concen- 
The cel l  design ultimately , t ra ted sulfuric acid were  studied in this effort. 

recommended, however , is  one in  which the electrolyte (concentrated 
H2SO4) is  circulated through the cel l  between the electrodes,  and the gases  
a r e  separated by a thin sheet of asbestos  placed against the electrodes 
( see  F igure  5 -12) ,  An external  heat exchanger i s  required to remove the 
waste  heat  f rom the  process.  
requi red  to maintain the liquid-vapor interface properly at  the electrode. 

Differential gas-liquid p r e s s u r e  regulation i s  

The r e su l t s  of th i s  study indicate that a ce l l  supplying oxygen for 
one-man (2 pounds of oxygen per  day) would operate at a voltage of 
2.24 volts and a cu r ren t  density of about 100 amperes  f t -2 ,  and would 
requi re  14 cel ls  for a 28 volt e lectr ical  system. Unit weight would be  
about 19. 7 pounds, unit volume would be  about 0. 19 ft3, and total  power 
required would be 284 watts. 

. 

Conclusions. 

1) This  type of unit is  not suited to  the mission considered h e r e  
because of the requirement  for a moving s t r eam of gases  over 
the cell. The comments made concerning vapor e lectrolysis  
ce l l s  in genera l  under the discussion of the GARD cel l  also 
apply to this cell. 

2 )  It is  repor ted  that in-house efforts i n  e lectrolysis  ce l l s  for life 
support  sys t ems  have been ca r r i ed  out a t  Lockheed 
(Reference 16). 

Pratt and Whitney Division, United Aircraft  Corporation 

Pratt and Whitney has  done in-house work on an intermittent bas i s  
over  the pas t  s eve ra l  yea r s  (Reference 17). 
t o  have been closely related to the fuel cells  and were ,  in essence,  fuel 
ce l l s  r u n  backwards. 
No cont rac ts  to support electrolysis work were reported.  

The experimental  cells  appear 

Good performance a s  e lectrolysis  cells was claimed. 
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Others  

9 5  

It is r e p o r t e d  that Allison Division of G e n e r a l  Motors  Corporat ion,  
A i r R e s e a r c h  Division of the G a r r e t t  Corporat ion,  and Electro-0ptica.l  
Sys tems,  Incorpora-ted have a lso  c a r r i e d  out e l e c t r o l y s i s  s tudies .  
information was  not avai lable  at  this  wr i t ing .  
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